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ABSTRACT 
 

 

FINITE ELEMENT INVESTIGATION OF MECHANICAL INTERACTION OF 
DENTAL IMPLANTS WITH BONE 

 

 

Eser, At�l�m 

M.S., Department of Mechanical Engineering, 

Supervisor: Assist. Prof. Dr. Ergin Tönük 

Co-Supervisor: Assoc. Prof. Dr. K�vanç Akca 

July 2007, 116 pages 

 

 

During the last years, biomechanics, the understanding of the very complex 

mechanical behavior of living tissues, becomes a very important field of research of 

the wide branch of mechanics. This study is very important, for instance, to improve 

the design of implants, with the important social and economical impact.  

One of the important challenges in implant design is to model the complex material 

behavior of the bone. Remodeling of the bone due to the loading is one of the 

essential behaviors of the bone which can cause for the dental implants, marginal 

bone loss occurring particularly in the first years of function. 

On the other hand the finite element method (FEM) has become the most extended 

tool for engineers to analyze the mechanical behavior of the products which usually 

have a complex material behavior and complicated geometries. 

The aim of this study is to model the remodeling behavior of the bone using FEM 

and to use the new bone material method to evaluate the implant performance for 

some commercial implants, taking account of the bone adaptation.  

Keywords: Bone remodeling, finite element analysis, bone density, oral implant. 
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ÖZ 

 
 

DENTAL �MPLANTLARIN KEM �KLE MEKAN �K ETK�LES�M�N�N SONLU 
ELEMANLAR YÖNTEM� KULLANILARAK ARA � TIRILMASI  

 

 

Eser, At�l�m 

Yüksek Lisans, Makina Mühendisli� i Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Ergin Tönük 

Tez Yöneticisi Yard�mc�s�: Doç. Dr. K�vanç Akca 

Temmuz 2007, 116 sayfa 

 

 

Biyomekanik, ya�ayan dokular�n karma� �k mekanik davran�� lar�n� ara� t�ran bir bilim 

dal�d�r. Son y�llarda genel mekanik içinde çok önemli bir ara� t�rma dal� olmaya 

ba� lam�� t�r. Biyomekanik özellikle implant tasar�mlar�n�n performanslar�n� ekonomik 

ve sosyal etkilerini hesaba katarak art�r�lmas� için çok önemlidir.   

�mplant tasar�m�ndaki önemli noktalardan birisi kemi� in karma� �k malzeme 

özelli� inin do� ru bir � ekilde tan�mlanabilmesidir. Dental implant uygulamalar�nda,  

kemi� in belli bir yük alt�ndaki adaptasyonu, implant uygulamas�n�n ilk y�llar�nda 

a� �r� kemik erimesine yol açabilmektedir.  

Di� er taraftan sonlu elemanlar analizi, mühendisler için çok geli� mi�  araçlar sunarak, 

karma� �k malzeme özelli� ine ve geometriye sahip, kompleks mekanik problemlerin 

incelenmesinde yayg�n bir � ekilde kullan�lmaktad�r.  

Bu çal�� ma, kemi� in yeniden biçimlenmesi davran�� �n�n sonlu elemanlar yöntemi 

kullan�larak modellenmesi ve piyasadaki baz� implant çe� itlerinin kemik 

biçimlenmesine etkilerinin de� erlendirilmesini amaçlamaktad�r. 

Anahtar Kelimeler: Kemik biçimlenmesi, sonlu elemanlar analizi, kemik yo� unlu� u, 

dental implant. 
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CHAPTER 1 
 

 INTRODUCTION 
 
 

The increasing human average life expectation and the ageing of the society increase 

the demand of dental implantation all over the world. Dental implant design is 

becoming more and more important and different treatments, different prosthesis 

designs: shapes, dimensions, surface roughness, materials or methods of fixation are 

investigated intensively especially during the last few years. The possibility of 

testing the implant designs is always a challenging problem. The in-vivo and in-vitro 

experiments are hard to perform and very expensive. 

For all of these reasons, it is very interesting that the possibility of performing 

accurate computational simulations that allow scientists/engineers to analyze and 

compare different implant designs. Furthermore, this computational approach 

reduces the cost and danger of other testing procedures. Computational approach 

makes it also possible to achieve a certain individualization since the organ geometry 

and part of the material properties can be personalized by means of medical imaging 

techniques and material properties correlation. 

After this first step, mathematical models that simulate the behavior of bone tissue 

allow to predict bone morphogenesis and adaptation caused by altered load histories 

and prosthetic implantation, having become an essential tool in prosthesis design. 

The main aim of this study is to implement the bone remodeling theory into a dental 

implant-bone interaction problem. Although there are many implementations of 

mathematical models of bone remodeling in femur prosthesis, implementations of 

bone remodeling in dental implants are very rare in literature.  

With this objective in mind, in the first part of this work, the bone biological 

behavior is briefly explained. In the next section, a review of the most important 

remodeling models is performed, explaining more extensively the Stanford’s model. 

In the next section, a simple implementation of the remodeling theory to an axi-

symmetric dental implant-bone takes place. In this section, several computational 

examples of different bone physiologies are investigated. In the next section a three-
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dimensional model of two commercial implants are modeled and the performance of 

the implants are investigated by using the remodeling of the bone around the 

implants. Finally, several relevant conclusions are discussed in the last section of this 

study. 
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CHAPTER 2  
 

PREVIOUS STUDIES ON REMODELING OF THE 
BONE AND FINITE ELEMENT APPLICATIONS ON 

IMPLANT DENTISTRY 
 
 
 

2.1 REMODELING OF BONE 
 
 

Bone is formed by the production of a soft protein containing collagen. This hardens 

when minerals, especially calcium, are deposited on it. Bone strength is mostly due 

to calcium. Although many systems in our body need calcium to function properly, 

most of the calcium is found in bones and teeth. 

Bones are living, growing tissues. During one’s lifetime, bone is constantly being 

renewed. The old bone is removed and the new bone is laid down. This process is 

called bone remodeling. There are two phases in this process:  

Resorption: Cells called osteoclasts dissolve some tissue on the bone's surface, 

creating a small cavity. This process usually takes place over a few days.  

Formation/Apposition: Cells called osteoblasts fill the cavities with new bone. This 

process takes place over a few months.  

Factors such as hormones, calcium and exercise can affect the cells on the surface of 

the bone and trigger the remodeling cycle.  
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2.1.1 INFLUENCES OF MECHANICAL STIMULI ON BONE 
REMODELING 

 
 

The relationship between the mass and form of a bone to the forces applied was first 

appreciated by Galileo (1638). However theories of how mechanical stimulus 

affected bone adaptation begin about the time the American Civil War was ending. 

In the second half of the 19th Century, a German anatomist von Meyer and a Swiss 

engineer named Culmann publish their works which is now known as trajectorial 

theory of trabecular bone structure and have a conclusion which states that 

trabeculate are oriented along the principle stress direction. Note that in this work no 

attempt is made to state that the creation of trabecular structure is influenced by 

mechanical stimulus; only that trabecular structure seems to coincide with principle 

stress directions. 

After this first effort of understanding the effect of the mechanical stimuli on bone 

remodeling, Wolff published his works in 1892 on bone remodeling. Wolff 

postulated not only that trabeculate were aligned with principle stress directions, but 

that the orientation of trabeculate could change if there was a change in mechanical 

stress directions. Wolff based his theories on the evidence of trabecular structure of 

post-fracture as shown below: 
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Figure 2.1.1-1 Wolf’s Preliminary Studies [Adopted from: Wolff, J., Das Gesetz 

der Transformation der Knochen , Hirschwald, Berlin, 1892.] 

It can be seen that it looks as though trabecular patterns have changed in response to 

what must be altered loading. Wolff also suggested that bone adapted optimally to 

changes in stress, seeking to minimize mass to carry load. Wolff organized the 

growth response of living bone to mechanical stress into a specific law that 

subsequently has become known as "Wolff's Law". Wolff's law states that: 

"Every change in the form and the function of a bone or of their function 

alone is followed by certain definite changes in their internal architecture and 

equally definite secondary alterations in their external confirmation, in 

accordance with mathematical laws"  

At this point people still had no idea about how bone is adapted with respect to 

mechanical stimulus. The earliest efforts about how bone is adapted with mechanical 

stimulus belongs to Roux, a German surgeon, who suggested that cells within the 

bone could sense and respond to mechanical stress. He concludes that the apposition 

and resorption by cells determines change in bone structure and cell based apposition 

and resorption regulated by value of local stress (Roux, 1881) 

In the first half of the 20th Century, an American anatomist at Johns Hopkins 

University named Koch performs a stress analysis of the proximal femur and 

compares shear stress to density and trabecular directions with principle stress 
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directions. He confirms Wolff's findings and further notes that bone density is 

highest in areas of highest shear stress (Koch, 1917). 

Till to 1930’s, there is no experimental work to support the theories. The first of such 

an attempt was generated by Glucksman working in the Strangeways laboratories at 

Cambridge in the late 1930's and early 1940's (Glucksman, 1939). Glucksman 

developed organ cultures of chick embryo limbs and arranged them so that when 

they grew they were constrained and developed bending loads. He notes that areas in 

which he thought high tensile loads were applied corresponded to areas of increased 

ossification. As a result he determined that tensile stresses promoted increased 

ossification of fibrous tissue and histological structure of ossifying tissue aligned 

along principle tensile stresses. 

After this first experimental attempt to compare the theoretical models with 

experimental data, Frost investigated physiologic mechanisms by which bone 

structure is altered. He developed the foundations for current understanding of 

physiological adaptation mechanisms. It was Frost who first theorized differences 

between remodeling and modeling (which was resisted at first, but widely accepted 

today) and also who theorized that the adolescent skeleton could adapt differently to 

mechanical stimuli than the adult skeleton (Frost, 1975). 

After those developments Carter (1981) examine in an experimental study that there 

exists some range of strains that the bone do not give any significant reaction to 

remodel. A series of works which follow Carter’s work was by Rubin and Lanyon 

(1980) who led to similar conclusions as those of Carter. Rubin and Lanyon strain 

gauged the cortical surfaces of many species of animals. Despite the differences in 

species and bone, they found a remarkably narrow range of peak strains under 

various activities, basically from 2000 to 3000 microstrain. This was in agreement 

with the Carter’s works. 

Rubin and Lanyon also performed a series of experiments in turkey ulna in which 

they surgically isolated the turkey ulna and applied controlled bending loads. In this 

case, they control not only the strain magnitude on the bone, but also the number of 

cycles of load to which they bone was subjected. What they found was that as few as 

4 cycles of load per day were enough to maintain bone, and that above 1800 cycles 

of load per day did not stimulate significantly altered bone adaptation.  
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At this point Frost (1987) weighed in with his treatise the Intermediary Organization 

of the Skeleton. He postulated a different adaptation response for adolescent and 

adult skeleton. Basically he said that the adolescent skeleton was considerably more 

sensitive to mechanical stimulus because it had mechanisms of modeling and 

remodeling. Since the adult skeleton could only remodel, its bone structure was 

much less sensitive to mechanical stimulus. In addition to that Frost believed strains 

above 4000 to 5000 microstrain would cause damage in any skeleton and lead to a 

pathologic adaptation response involving both modeling and remodeling. A graphical 

representation of his ideas can be shown below: 

 

Figure 2.1.1.1-2 The graphical representation of Frost’s Studies on Remodeling 
[Adopted from: Frost H.M. Bone “mass” and the “mechanostat” 1987] 
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2.1.1.1 Summary 
 
 

Here is our current state of knowledge in bone adaptation theory: 

• State of bone (growth, healing, mature) determines its ability to respond to 

mechanical strain.  

• Mature bone may seek to exist within limited strain range.  

• Computational models have the ability to predict “qualitatively” correct bone 

structure distribution. 

• Bone cells can respond directly to mechanical strain.  

Here are areas for future work: 

1. Strain measured on cortical surface or computed by single level solid continuum 

models is not the same as that experienced by cells due to hierarchical bone structure. 

2. Specific relationships between strain and adaptation for different states of bone 

response have not been clearly delineated.  

3. Nature of loads on bone are difficult to determine, but are necessary to fully 

understand mechanics/adaptation. 
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2.1.2 MATHEMATICAL MODELS OF REMODELING 
 
 

After 1980’s the numerical methods and numerical simulations become popular in 

determining bone adaptation and many numerical solutions for bone adaptation 

verify new mathematical theories of bone adaptation to predict changes in bone 

shape and density based on strain, stress or strain energy density. 

The first mathematical continuum model was studied by Cowin and Hegedus (1976). 

Bone was considered as an elastic porous medium filled with an interstitial �uid and 

a relation between a real number characterizing the bone density evolution rate and 

the difference between the actual strain and a reference value of the strain as the 

external stimulus was proposed. The basic equation underlying the theory is: 

klijijklijij eBeAea
dt
de

e ��� )(
2
1

)()( �����                                                    (Eq. 2.1.2-1) 

Where e is a measure of bone structure (typically bone density), a, Aij, and Bijkl  are 

remodeling tensors that must be determined experimentally, and � ij is the 

infinitesimal strain. 

Using a specially written finite element code and the above equation, Hart (1984) 

reached the following conclusions:   

1. Rate of change of bone volume fraction related to strain,  

2. Constants difficult to determine;  

3. Good qualitative results   

4. Rigorous validation is not done. 

A different approach to predict adaptation was proposed by Fyhrie in 1986. In this 

case, he postulated that bone was a self-optimizing material, adapting its orientation 

and density in response to its stress/strain state. Fyhrie was able to show the 

following relationship between bone density and stress: 
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Where Fn is a matrix of constants, �  is bone density, Qmax is a measure of the bone 

remodeling goal, and B is the coefficient from the structure function relationship. 

Using the above relationships for different matrices Fn, Fyhrie was able to predict 

bone density distributions in the femoral head similar to observed distributions: 

 

Figure 2.1.2-1 Fyhrie’s predictions of density distributions of the Femoral Head 

[Adopted from: Carter D.R., Fyhrie DP, Whalen RT: Trabecular bone density 

and loading history: regulation of connective tissue biology by mechanical 

energy. J. Biomech 20:785-794, 1987]. 

Two isotropic models are the most employed in the literature. The first under the 

direction of Huiskes (1987, 1989, 1992) assumes that the variation of the Young’s 

modulus is proportional to the difference between the actual strain energy density 

and a referential strain energy density. This stimulus is used for internal and external 

remodeling. 

The second model proposed by Carter and Beaupre (1989, 1990) establishes as 

stimulus a certain effective stress (related to the strain energy density), being the 

apparent density related to this effective stress. This allows also the combined 

formulation of external and internal adaptation. 
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In both models, the results obtained are very similar, being almost indistinguishable 

in internal remodeling. 

These models, as mentioned, are isotropic, but it is clear that the heterogeneity of 

trabecular bone is actually quite oriented, leading to anisotropic continuum material 

properties. Jacobs et al. (1994, 1997) developed an anisotropic model based on 

density adaptation and anisotropy reorientation using the principle stresses as the 

external stimulus, following the Wolff suggestion (1892). Bone responds 

accommodating itself not only to the amplitude, but also to the directions of the 

principle stresses, in such a way that the material increases its stiffness along 

directions of overloading and decreases the elastic modulus along directions of 

underloading. 

In the following, it will be briefly explained: The isotropic model proposed by 

Carter, Jacobs and Beaupre (1989, 1990, 1992, 1994, 1997), which includes the 

formulation of Huiskes and Weinans (1987, 1989, 1992) as a particular case and is 

the basis of other anisotropic models like that of Jacobs and the one proposed by 

Doblare and Garcia (2001, 2002). 

In late 1980’s Carter (1990) proposed a new mathematical theory of time-dependent 

bone modeling and remodeling. He defines a concept called daily tissue level stress 

stimulus b� as:   

� � mm
biib n

/1

�� ��                                                                                      (Eq. 2.1.2-3) 

Where ni is the number of cycles of load type i, � bi is a true bone level effective 

stress (a scalar quantity to represent the local intensity of the stress in the mineralized 

tissue) and the stress exponent m is an empirical constant.  

Carter (1987) point out that the above equation can be written in terms of a daily 

stress stimulus measured at continuum level, b� � 

� � mm
iib n

/1

�� ��                                                                                       (Eq. 2.1.2-4) 

Where � i is a continuum level effective stress defined as  



 

 

12 

� � 1/2

i 2EU� �                                                                                              (Eq. 2.1.2-5) 

where E is the continuum average elastic modulus and U is the continuum strain 

energy density, and the stress exponent m is an empirical constant. The continuum 

level effective stress represents the effective stress for an “equivalent” material 

having the same stiffness as bone but without the holes or pores that exists in bone. 

The continuum level representation is defined through the following relations 

(Carter, 1977): 

� � iiscbi ���� 2/�                                                                                       (Eq. 2.1.2-6) 

Where � c is the density of the cortical bone (which was assumed to be density of the 

mineralized tissue) and � �is the apparent density (mineralized tissue mass per total 

tissue volume).  

In this point it is assumed that the tissue level stress stimuli is approximately equal to 

a constant, which is called the attractor stress stimulus � bas, i.e. � b �is approximately 

equal to � bas. The term “attractor state” refers to the principle that many physical and 

biological systems tend toward (or are attracted toward) certain target or attractor 

states, although these states may never actually be reached. The actual state may 

simply fluctuate around or drift toward the attractor state and create a “near-

equilibrium” condition (Carter, 1987; Gibson, 1985). 

Near the attractor state there is little net bone modeling, so that � � can be taken as 

equal to � as (attractor state density). From the above relations one can conclude: 

2/1
asbasas K �� �                                                                                           (Eq. 2.1.2-7) 

and from the above relations one can define Kbas: 

2/12 )/( cascbasK ���                                                                                   (Eq. 2.1.2-8) 

Form the above relations one can conclude that � cas = � bas, i.e. the continuum level 

stress stimulus is equal to the constant tissue level stimulus.  

Finally the tissue level remodeling error, e, is defined as: 
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basbe �� ��                                                                                               (Eq. 2.1.2-9) 

By using Equation 2.1.2-9, the remodeling error represents the difference between 

the actual tissue level stress stimulus and the tissue level attractor state stress 

stimulus. This error represents the driving force for remodeling. The remodeling 

error can be rewritten in terms of continuum level variables as: 

� � � �� �asasce ������ 22 // ��                                                                 (Eq. 2.1.2-10) 

or  

� �� ������� asasbe 2/��                                                                        (Eq. 2.1.2-11) 

by using the above two equations Carter (1990) generate an incremental, time 

dependent remodeling theory as: 
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                 (Eq. 2.1.2-12) 

where r�  is the bone apposition-resorption rate (� m/day). c1, c2, c3 and c4 are 

empirical rate constants and w1 and w2 is the width of the central, normal activity 

region. This equation can be used to calculate the rate of bone apposition and 

resorption. The graphical representation of this theory is presented in Figure 2.1.2-2.  
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Figure 2.1.2-2 Idealized Piecewise Linear Rate Relation [Adopted From: G.S. 

Beaupre, T.E. Orr, D.R. Carter, An approach for time-dependent bone 

modeling and remodeling-theoretical development, Journal of Orthopedic 

Research 8 (5) (1990) 551–651.]. 

This theory is an idealized relationship between the rate of bone apposition- 

resorption and tissue stress stimulus. The empirical constants can be determined 

experimentally for different bones and the above relation can be used to evaluate rate 

of bone apposition- resorption. 

The equation below represents a relation between the rate of bone apposition-

resorption and the rate of change of apparent density. 

�
�

�
�
�

�
�
�

�
�
�

r
t

S
t tv ��                                                                                    (Eq. 2.1.2-13) 

where Sv is the bone surface area density and � t is the true density of the bone tissue 

(which is assumed to be equal to the density of fully mineralized tissue).  

The new density of the bone can be calculated as follows: 
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t tv                                                                             (Eq. 2.1.2-14) 

where 0�  is the initial density of the bone andt� is the time step. 

The second important theory in the literature is the theory of Garcia (2002) which is 

an anisotropic bone remodeling theory. This formulation has been presented by 

Doblare and Garcia (2001, 2002) in previous works, identifying a ‘‘virtual’’ damage 

in the general theory of continuum damage mechanics that is understood as a 

measure of the bone tissue porosity and not as an actual mechanical damage, but 

considering the directionality following the idea suggested by Cowin (1986, 1992) 

for the fabric tensor. The undamaged material is considered therefore as the ideal 

situation of bone with null porosity and perfectly isotropic. The process of bone 

resorption has a direct correspondence with the classical damage concept, since it 

means increase of the void ratio, while, on the contrary, bone apposition produces 

reduction of porosity or bone repair. This implies that, on the contrary to the standard 

case of inert materials in which damage has always a positive evolution as a direct 

corollary of the second law of thermodynamics, in a ‘‘damage–repair’’ theory, the 

damage evolution may also be negative during the repair process, due to the 

provision of metabolic energy not considered in a purely mechanical model. From 

this initial assumption, one performs a complete damage–repair model following the 

anisotropic continuum damage theory of Cordebois and Sideroff (1982). A damage 

tensor D is proposed by the expression: 
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                                                                             (Eq. 2.1.2-15) 

with A an adjusting parameter that is obtained by particularizing the general 

anisotropic model to the isotropic case and Hi the fabric tensor, that is considered as 

normalized such that det Hi = 1. This damage tensor characterizes the microstructure 

of the bone quantifying the porosity and the anisotropy, by means of two 

independent variables as the density �  and the fabric tensor Hi. 

In order to simplify the formulation used the intermediate tensor H, remodeling 

tensor, as the model internal variable. H is aligned with the stress tensor therefore is a 

2nd order tensor. This tensor is directly related to the damage tensor D and includes 
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both physical variables �  and Hi. Following again the idea of Cordebois and Sideroff 

(1982), one can de�ne the effective stress in the symmetry conserving form: 

)1()1( ��� HHeff ��                                                                                     (Eq. 2.1.2-16) 

that, together with the energy identification 

� �effD ���� 0),( �                                                                                    (Eq. 2.1.2-17) 

lead to a locally orthotropic constitutive tensor whose principle directions of 

orthotropy are aligned with the principle axes of the damage tensor D (or 

equivalently of H and Hi) and its principle values are expressed in terms of H and the 

elasticity modulus of the ideal isotropic bone tissue that are well established from 

experimental tests (Jacobs, 1997; Hart, 1984; Garcia, 2002). It can be proposed that 

the evolution law of the remodeling tensor H is evaluated following the standard 

steps normally employed in continuum damage mechanics which are: de�nition of 

the mechanical stimulus as the variable thermodynamically associated to the 

remodeling tensor H, establishment of the remodeling criteria in terms of the 

mechanical stimulus and consideration of an associative flow rule. With this, the 

evolution law for the remodeling tensor H is finally written as (Garcia, 2002)  

� �
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                                                (Eq. 2.1.2-18) 

For the details of the above equations refer to (Garcia, 2002). 
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2.2 APPLICATION OF FINITE ELEMENT ANALYSIS IN 
IMPLANT DENTISTRY 

 
 

Finite element (FE) method is extensively used to analyze the biomechanical 

performance of various dental implant designs as well as the effect of clinical factors 

on implant success. A key factor for the success or failure of a dental implant is the 

manner in which load are transferred to the surrounding bone. Load transfer from 

implants to surrounding bone depends on the: 

1. type of loading, 

2. the bone–implant interface, 

3. the geometry of the implant (i. e. the length and diameter of the implant), 

4. the shape and characteristics of the implant surface,  

5. the prosthesis type, and, 

6. the quantity and quality of the surrounding bone.  

FE analysis allows researchers to predict stress distribution in the interface of the 

implants with cortical bone and around the apex of the implants in trabecular bone. 

One can examine the literature on finite element applications in dental implants in 

three different groups: 

1. bone implant interface 

2. implant prosthesis connection 

3. multiple implant prosthesis 

As the scope of this study is concentrated more on the bone remodeling and bone 

implant interface, the literature from the implant prosthesis connection and multiple 

implant prosthesis is not represented.  
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2.2.1 BONE IMPLANT INTERFACE 
 
 

Analyzing force transfer at the bone–implant interface is an essential step in the 

overall analysis of loading, which determines the success or failure of an implant. It 

has long been recognized that both implant and bone should be stressed within a 

certain range for physiologic homeostasis. Overload can cause bone resorption or 

fatigue failure of the implant, whereas underloading of the bone may lead to disuse 

atrophy and subsequent bone loss (Pilliar, 1991; Vaillancourt, 1996) With the use of 

load cells in rabbit calvaria, Hassler (1977) showed that the target compressive stress 

level for maximum bone growth occurs at 1.8 MPa, levelling off to a control level at 

2.8 MPa. Skalak (1983) stated that close apposition of bone to the titanium implant 

surface means that under loading, the interface moves as a unit without any relative 

motion; this is essential for the transmission of load from the implant to the bone at 

all parts of the interface. In centric loading, several FEA studies [Ma, 1998; Clift, 

1992; Geng, 1999) of osseointegrated implants demonstrate that when maximum 

stress is located in cortical bone, it is in the contact area with the implant, and when 

the maximum stress is in trabecular bone, it occurs around the apex of the implant. In 

cortical bone, stress dissipation is restricted to the immediate area surrounding the 

implant; in trabecular bone, a fairly broader distant stress distribution occurs. 

FEA can simulate the interaction phenomena among implants and the surrounding 

tissues. Analysis of the functional adaptation process is facilitated by the ability to 

investigate the various loading, implant, and surrounding tissue variables. Most of 

the efforts have been directed at optimizing implant geometry to maintain the 

beneficial stress level in a variety of loading scenarios. 
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2.2.1.1 Loading 
 
 

When applying FEA to dental implants, it is important to consider not only axial 

loads and horizontal forces (moment-causing loads) but also a combined load 

(oblique occlusal force) because the latter represents more realistic occlusal 

directions and, for a given force, will cause the highest localized stress in cortical 

bone (Holmgren, 1998). Barbier et al. (1998) investigated the influence of axial and 

nonaxial occlusal loads on the bone remodeling phenomena around IMZ implants in 

a dog mandible simulated with FEA. A strong correlation between the calculated 

stress distributions in the surrounding bone tissue and the remodeling phenomena in 

the comparative animal model was observed. The authors concluded that the highest 

bone remodeling events coincide with the regions of highest equivalent stress and 

that the major remodeling differences between axial and non-axial loading are 

determined largely by the horizontal stress component of the engendered stresses. 

The importance of avoiding or minimizing horizontal loads thus was emphasized. 

Zhang and Chen (1998) compared time dependent loading with static loading in 

three-dimensional FEA models with a range of different elastic modulus for the 

implant. Their results showed that, compared with the static load models, the time 

depending load model resulted in higher maximum stress at the bone–implant 

interface as well as a greater effect on stress levels when elastic modulus was varied. 

In summary, both static and time depending loading of implants have been modeled 

with FEA. In static load studies, it is necessary to include oblique occlusal forces to 

achieve more realistic modeling. Most studies conclude that excessive horizontal 

force should be avoided. The effects of time dependent loading require further 

investigation. 
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2.2.1.2 Prosthesis and Implant Material Properties 
 
 

High-rigidity prostheses are recommended because the use of low elastic modulus 

alloys for the superstructure results in larger stresses at the bone–implant interface on 

the loading side than the use of a rigid alloy for a superstructure with the same 

geometry (Benzing, 1995). Stegariou et al (1998) used three-dimensional FEA to 

assess stress distribution in bone, implant, and abutment when a green alloy, 

porcelain, or resin (acrylic or composite) was used for a three-unit prosthesis. In 

almost all situations, stress in the bone–implant interface with the resin prostheses 

was similar to or higher than that in the models with the other two prosthetic 

materials. However, in his classical mechanical analysis, Skalak (1983) stated that 

the presence of a resilient element in an implant prosthesis superstructure would 

reduce the high load rates that occur when occluding unexpectedly on a hard object. 

For this reason, he suggested the use of acrylic resin teeth. Nevertheless, several 

other studies (Hobkirk, 1992; Cibirka, 1992) could not demonstrate any significant 

differences in the force absorption quotient of green, porcelain, or resin prostheses. 

The elastic modulus of different implant materials have also influence on the 

implant–bone interface. Implant materials with too low modulus are to be avoided; 

Hansson et al (1999) suggested that implant materials have a modulus of elasticity of 

at least 110 GPa. Rieger et al (1989) indicated that serrated geometry led to high-

stress concentrations at the tips of the bony ingrowth and near the neck of the 

implant. Low modulus of elasticity emphasized these concentrations. The 

nontapered, screw-type geometry showed high-stress concentrations at the base of 

the implant when high modulus was modelled and at the neck of the implant when 

low modulus was modelled. The authors concluded that a tapered endosseous 

implant with a high elastic modulus would be most suitable for dental implantology. 

However, the design must not cause high-stress concentrations, which commonly 

lead to bone resorption, at the implant neck. Stoiber (1988) reported that in the 

construction of an appropriate screw implant, special attention must be paid to the 

rigidity of the implant rather than to thread design. 
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In summary, although the effect of prosthesis material properties is still being 

debated, it is well established that implant material properties greatly affect the 

location of stress concentrations at the implant–bone interface. 
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2.2.1.3 Implant Geometry: Length, Diameter and Shape 
 
 

Large implant diameters provide more favorable stress distributions (Mailath, 1989; 

Matsushita, 1990). FEA has been used to show that stresses in cortical bone decrease 

as the implant diameter increase with both vertical and lateral loads (Matsushita, 

1990). However, Holmgren et al (1998) showed that using the widest diameter 

implant is not necessarily the best choice when considering stress distribution to 

surrounding bone; within certain morphologic limits, an optimum dental implant size 

exists for decreasing the stress magnitudes at the bone–implant interface. In general, 

the use of short implants has not been recommended because it is believed that 

occlusal forces must be distributed over a large implant area for the bone to be 

preserved. In a recent study of Himmlova et al. (2004) the computations of stress 

arising in the implant bed were made with finite element analysis, using three-

dimensional computer models. The models simulated implants placed in vertical 

positions in the molar region of the mandible. A model simulating an implant with a 

diameter of 3.6 mm and lengths of 8 mm, 10 mm, 12 mm, 14 mm, 16 mm, 17 mm, 

and 18 mm was developed to investigate the influence of the length factor. The 

influence of different diameters was modeled using implants with a length of 12 mm 

and diameters of 2.9 mm, 3.6 mm, 4.2 mm, 5.0 mm, 5.5 mm, 6.0 mm, and 6.5 mm. 

The masticatory load was simulated using an average masticatory force in a natural 

direction, oblique to the occlusal plane. Values of von Mises equivalent stress at the 

implant-bone interface were computed using the finite element analysis for all 

variations. Values for the three most stressed elements of each variation were 

averaged and expressed in percent of values computed for reference (100%), which 

was the stress magnitude for the implant with a length of 12 mm and diameter of 3.6 

mm. According to this study, maximum stress areas were located around the implant 

neck. The decrease in stress was the greatest (31.5%) for implants with a diameter 

ranging from of 3.6 mm to 4.2 mm. Further stress reduction for the 5.0 mm implant 

was only 16.4%. An increase in the implant length also led to a decrease in the 

maximum von Mises equivalent stress values; the influence of implant length, 

however, was not as pronounced as that of implant diameter.  
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Lum (1991) has shown that occlusal forces are distributed primarily to the crestal 

bone rather than evenly throughout the entire surface area of the implant interface. 

Because masticatory forces are light and fleeting, these forces are normally well-

tolerated by the bone. It is the bruxing forces that must be adequately attenuated, and 

this may be achieved by increasing the diameter and number of implants. A recent 

clinical study concluded that short implants are possible when the peri-implant 

tissues are in good condition (Stellingsma, 2000). In summary, the optimum length 

and diameter necessary for long-term success depends on the bone support condition. 

If the bone is in normal condition, length and diameter appear not to be significant 

factors for implant success. However, if the bone condition is poor, large diameter 

implants are advised and short implants should be avoided. With regard to implant 

shape, theoretical analysis implies that clinically, whenever possible, an optimum 

and not necessarily larger dental implant shape should be used based on the specific 

morphologic limitations of the mandible. Holmgren et al (1989) reported that a 

stepped cylindrical design for press-fit situations is most desirable from the 

standpoint of stress distribution to surrounding bone. With the use of FEA to analyze 

a parasaggital model digitized from a CT-generated patient data set, these authors 

simulated various single-teeth, two-dimensional osseointegrated dental implant 

models. The results suggested that stress is more evenly distributed throughout the 

stepped cylindrical implant than the straight implant type. After analyzing stress 

concentration patterns using FEA, Rieger et al (1989) concluded that a tapered 

endosseous implant with a high elastic modulus would be most suitable. Also using 

FEA, Mailath et al (1989) compared cylindrical and conical implant shapes exposed 

to physiologic stresses and examined the occurrence of stress concentrations at the 

site of implant entry into bone. They reported that cylindrical implants were 

preferable to conical implant shapes. Siegele and Soltesz (1989) compared 

cylindrical, conical, stepped, screw, and hollow cylindrical implant shapes by means 

of FEA. Both a fixed bond (simulating complete load transfer with bioactive 

materials) and a pure contact (only compression transfer with bioinert materials) 

without friction between implant and bone were considered as the interface 

conditions. The results demonstrated that different implant shapes lead to significant 

variations in stress distributions in bone. The authors stated that implant surfaces 

with very small radii of curvature (conical) or geometric discontinuities (stepped) 
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induce distinctly higher stresses than smoother shapes (cylindrical, screw-shaped). 

Moreover, a fixed bond between implant and bone in the medullary region (as may 

be obtained with a bioactive coating) is advantageous for the stress delivered to bone 

because it produces a more uniform stress distribution than does a pure contact. Patra 

et al (1998) reported that the tapered thread design of the Branemark implant 

exhibited higher stress levels in bone than the parallel profile thread of the BUD 

implant (BUD Medical Devices, Inc, NY, USA), which seemed to distribute stresses 

more evenly. Clift et al (1995) reported that the modification of the standard implant 

design to include a flexible central post resulted in a decrease in the maximum von 

Misses stresses and equivalent strains in cancellous bone. It was postulated that this 

would reduce the likelihood of bone fatigue failure and subsequent bone resorption. 

Optimum implant shape is related to the bone condition and implant material 

properties. Implant designs have adopted various shapes; FEA seems to indicate that 

for commercially pure titanium (cpTi) implants, smoother profiles engender lower 

stress concentrations. One of the latest research about implant thread type and thread 

size is carried out in the studies of the Hanssona and Werkeb (2003). It was found 

that the shape of the thread profile has a profound effect upon the magnitude of the 

stresses in the bone and that very small threads of a favorable profile can be quite 

effective. The conclusion for this study is as follows:  

1. The profile of the thread affects the magnitude of the stress peaks in the 

bone and the capacity of the implant to resist loads,  

2.  Providing that the profile is favorable threads of small dimensions are 

quite effective.  

3. Small top radius of curvature/thread depth ratios should be avoided.  

4. A straight part at the bottom of the thread is for most thread profiles 

unfavorable.  

5. A big radius of curvature at the bottom of the thread is for most thread 

profiles unfavorable.  

The optimal thread design to achieve the best load transfer characteristics is the 

subject of current investigations. Implant surface structure bioactive materials are 

used as coating on titanium implants because they have the potential to encourage 
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bone growth up to the surface of the implant (Oonishi, 1990). It is claimed that these 

coatings can produce a fully integrated interface with direct bonding between bone 

and the implant material, leading to a more even transfer of load to the bone along 

the implant and thus a reduction in stress concentrations (Siegele, 1989). Meijer et al 

(1995) investigated the influence of a three-layer flexible coating of polyactive on 

bone stress distribution with the use of a three-dimensional FEA in a mandibular 

model. Polyactive is a system of poly (ethylene oxide) poly (butylene terephthalate) 

segmented copolymers with bone-bonding capacity. In the case of sagittal and 

transversal loading, the use of a Polyactive coating reduced both the minimum 

principle stress in the bone and the compressive radial stress at the bone–implant 

interface. However, it raised the maximum principle and tensile radial stresses. In the 

case of vertical loading, the application of a flexible coating reduced the compressive 

radial stress at the bone–implant interface around the neck of the implant by a factor 

of 6.6 and the tensile radial stress by a factor of 3.6. 

Variations in composition and thickness of the coating did not affect the results 

significantly. There are two types of contact at the bone–implant interface: bone–

implant contact and fibrous tissue–implant contact. The clinical concept of fibrous 

encapsulation of an implant is considered to be a failure; this condition is no longer 

modelled in FEA studies. Surrounding bone quality and quantity the long-term 

clinical performance of a dental implant is dependent on the preservation of good 

quality bone surrounding the implant and a sound interface between the bone and 

biomaterial. Good quality bone is itself dependent on the appropriate level of bone 

remodeling necessary to maintain the bone density and the avoidance of bone 

microfracture and failure. Both processes are governed by the stress and strain 

distribution in the bone. The crestal bone region is of particular interest because of 

the observations of progressive bone resorption (saucerization). Crestal bone loss is 

observed around various designs of dental implants. A possible cause of this bone 

loss is related to the low stresses acting on peri-implant bone. On the basis of 

histological examination and FEA results (Vaillancourt, 1996), an equivalent stress 

of 1.6 MPa has been deemed sufficient to avoid crestal bone loss from disuse atrophy 

in the canine mandibular premolar region. Wiskott and Belser (1999) studied the 

relationship between the stresses applied and bone homeostasis of different implant 

neck designs. It has been observed that the polished neck of dental implants does not 
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osseointegrate as do textured surfaces. Lack of osseointegration was postulated to be 

due to increased pressure on the osseous bed during implant placement, 

establishment of a physiologic “biologic width,” stress shielding, and lack of 

adequate biomechanical coupling between the load-bearing implant surface and the 

surrounding bone. Any viable osseous structure (including the tissue that surrounds 

the polished implant neck) is subjected to periodic phases of resorption and 

formation. Hansson (1999) compared implants with smooth necks to implants with 

retention elements all the way up to the crest. His FEA study found that retention 

elements at the implant neck resulted in a major decrease in peak interfacial shear 

stresses. He suggests that these retention elements at the implant neck will counteract 

marginal bone resorption in accordance with Wolff’s law. 

For the Screw-Vent implant, Clelland et al (1991) showed that under axial loading, 

mesial and distal stresses were much lower than those buccal and lingual to the 

implant. Maximum stress in the bone was lingual to the superior portion of the collar. 

Previous longitudinal radiographic studies of a similar implant revealed bone loss 

mesial and distal to the implant. The authors emphasized that the clinical significance 

of the stress transfer to the bone buccal and lingual to the implant had yet to be 

determined. Minimum required load for avoidance of crestal bone loss appears to 

have been defined (Young, 1998; Clelland, 1993; Sakaguchi, 1993), but the upper 

limit of the physiologic stress range has not yet been investigated. The quality and 

quantity of the surrounding bone influences the load transfer from implant to bone 

(Clift, 1992; Lum, 1992). In almost all FEA studies of titanium implants, stress 

concentrations occur around the implant neck. Under oblique loads with high 

occlusal stress magnitudes, the elastic limit of bone surrounding implants may be 

surpassed and lead to microfractures in the cortical bone. Clift et al (1992) 

emphasized the importance of having good quality dense bone around the implant 

neck that can withstand stresses in the range of 9 to 18 MPa before loading. Fail to 

achieve this after implantation and subsequent healing may result in local fatigue 

failure and resorption at the neck on resumption of physiologic loading (Clift, 1992). 

Holmes and Loftus (1997) used FEA to examine the influence of bone quality on the 

transmission of occlusal forces for endosseous dental implants. Placement of 

implants in bone with greater thickness of the cortical shell and greater density of the 

core resulted in less micromovement and reduced stress concentration, thereby 
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increasing the likelihood of fixture stabilization and tissue integration. With a three-

dimensional FEA model, Papavasiliou et al (1996) showed that the absence of 

cortical bone increased interfacial stresses at the locations studied. Clift et al (1992) 

reported that a reduction, by a factor of 16, in the elastic modulus of the bone around 

the neck of the implant produced only a two-fold reduction in the peak stress. Using 

the degree of direct bone–implant interface as an indicator of endosseous implant 

success appears to be misleading, as 100% bone apposition is almost never obtained 

at the surface of the endosseous dental implant. Investigating the three-dimensional 

bone interface to hydroxyapatitecoated titanium alloy implants, Wadamoto et al 

(1996) generated computer graphics by the integration of data for serial ground 

surfaces obtained at 75 µm intervals of the tissue block involved with the implant. 

The authors found that the bone contact ratio of the whole surface of each of 3 

implants was 80.8%, 68.1%, and 68.8%, and the bone contact ratio for each direction 

and portion varied with the conditions of implant placement. The bone volume ratios 

around the implant at the 0 to 300 µm zone were also calculated, and total ratios 

ranged from 58% to 81%. These results may provide useful quantitative information 

about the bone structure around implants and contribute to the development of more 

realistic FEA models based on the biologic bone structure around implants. Patra et 

al (1998) modelled progressive bone loss and partial osseointegration by both two- 

and three- dimensional FEA. When 25%, 75%, and 100% osseointegration was 

modelled, cortical bone was shown to carry most of the load, with resulting overload 

leading to crestal bone loss. Stress plots showed that with increasing crestal bone 

loss, the majority of the load was transferred directly to the weaker trabecular bone 

tissue. Clelland et al (1993) investigated a Steri-Oss implant in various bone models 

with different cancellous and cortical bone conditions using two-dimensional FEA. 

For the all cancellous bone model, low stresses and high strains surrounded the 

implant apex. For the models with a layer of cortical bone added, higher crestal 

stresses and lower apical strains were observed. The thicker layer of isotropic cortical 

bone produced stresses at least 50% less than the thinner layer. The assumption of 

transverse isotropy (orthotropy) for the cortical bone layer increased stresses and 

strains by approximately 25% compared with isotropic bone. The authors concluded 

that crestal cortical layer thickness and bone isotropy have a substantial impact on 

resultant stresses and strains. 
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2.2.1.4 Summary  
 
 

Load transmission and resultant stress distribution are significant in determining the 

success or failure of an implant. Factors that influence the load transfer at the bone–

implant interface include the type of loading, implant and prosthesis material 

properties, implant length and diameter, implant shape, structure of the implant 

surface, nature of the bone–implant interface, and quality and quantity of the 

surrounding bone. Of these biomechanical factors, implant length, diameter, and 

shape can be changed easily. Cortical and cancellous bone quality and quantity need 

to be assessed clinically and should influence implant selection. 
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CHAPTER 3 
 

MATERIAL AND METHODS 
 
 

3.1 APPLICATION OF THE STANFORD THEORY   
 
 

For the remodeling of bone around implants, the theory of Beaupre and Carter 

(1990), so-called the Stanford theory, is selected as the mathematical model. The 

rationale behind choosing this method was that the theory is the most widely-

accepted mathematical model in literature for bone remodeling and is one of the 

simplest methods when considered for implementation to a computer program.  

The theory is based on a daily stress stimulus which is defined by 
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                                                                                         (Eq. 3.1-1) 

Where ni is the number of cycles of load type i which is assumed to be 1 while the 

load condition is unique for this study, and � i is a continuum level effective stress 

defined as   

� � 2/12EU��                                                                                                  (Eq. 3.1-2) 

where E is the elastic modulus and U is the continuum strain energy density. The 

level of the daily stress stimulus b�  determines the bone remodeling process. Under 

normal loading conditions daily stress stimulus b�  remains in a determined range 

and bone remodeling does not occur. This range is called “lazy” or “dead” zone by 

Carter (Carter et al. 1989). The mathematical expression of the apposition, resorption 

rate of the bone by taking account the “dead” zone is defined as  
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where r�  is the apposition-resorption rate (� m/day), b�  is the daily tissue level stress 

stimulus, bas�  is the attractor state stress stimulus, c is an empirical rate constant and 

w  is the half width of the central, normal activity region (dead zone). 

The attractor stress stimulus bas�  is determined from the graph of cyclic energy 

stress magnitude and equivalent cyclic normal strain magnitude versus the number of 

cycles per day, as reported by Beaupre et al. (Beaupre et al. 1990b). The number of 

daily load cycles and equivalent cyclic normal strain used in the present study was 

2778 and 200 �� , respectively. The strain magnitude implemented in the computer 

model was obtained from strain-gauge analysis of a buccal marginal cortical bone of 

natural maxillary canines of human cadavers under 75 N load (Cehreli et al. 2005). 

Assuming the empirical constant, m, to be equal to 4, attractor state stress stimulus of 

20 MPa/day was selected (Beaupre et al. 1990). The numerical value of c is assumed 

to be 0.02 (� m/day)/(MPa/day) and the value of w is assumed to be equal to the 10% 

of the attractor stress stimulus (20 MPa) which is 2 MPa (Beaupre et al. 1990). The 

initial elastic modulus and Poisson’s ratio for the materials are presented in Table 

3.1-1 

After determining apposition-resorption rate (� m/day), the new density of the bone 

can be calculated as follows: 

otv tSr ��� ��� �              

where vS  is the bone surface area per unit tissue volume, t�  is the true density of the 

bone tissue (which is assumed to be equal to the density of fully mineralized tissue) 

and t� is the time step. The constants vS  and t� are selected to be 4 and 1.58 as in 

Beaupre et al. (1990). 

The density of the bone can be related to the elastic modulus of the bone through the 

equation: 

33790��E                                                                                      

Using the above relation the new elastic modulus can be calculated for each step. The 

new elastic modulus is used for the next calculation. The initial elastic modulus and 

Poisson’s ratio for materials are represented in Table 3.1-1. 

(Eq. 3.1-4) 

(Eq. 3.1-5) 
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Table 3.1-1 Initial material properties 

Material Elastic Modulus Poisson’s Ratio 

Cortical Bone 15 GPa 0.3 

Trabecular Bone 1 GPa 0.3 

Titanium 110 GPa 0.3 

The number of iterations for the time periods are estimated using the convergence 

criteria of the change in apparent density for every element to be less than 0.02 g/cm3 

similar to Beaupre and co-workers (Beaupre et al. 1990) (30 iterations corresponds to 

247.5 days), and for 3 months 11 iterations of finite element analyses were 

performed. For the other time intervals numbers of iterations were calculated 

similarly, (22 for 6 months, 33 for 9 months and 44 for 12 months). In this sense, the 

material properties of bone were updated (i.e., remodeled) considering the results of 

the previous analyses by the program, Remodel.  
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3.2 THE COMPUTER PROGRAM “REMODEL” 
 
 

In order to implement the Stanford theory (Beaupre et al. 1990a) to a finite element 

simulation of bone remodeling, first the user subroutine of the commercial finite 

element program MSC.Marc (MSC.Marc-Mentat 2005, MSC. Software Corporation, 

Los Angeles, California, USA), hypela was attempted. The usage of this subroutine 

was limited and can not be used to assign different material properties for each 

element, so the in-house code Remodel was developed using Delphi-7. 

After the computation of the first finite element analysis, Remodel was used to adapt 

the code MSC.Marc to simulate the remodeling of bone. The program Remodel read 

the input file of the finite element analysis which contained information about the 

geometry, boundary conditions, the initial material properties and output file 

generated by the finite element analysis code MSC.Marc that contained the 

calculated stresses and strains. Using these information and Stanford theory for bone 

remodeling, the code Remodel generated a new input file for new finite element 

analysis, which contained the information in the previous input file but the updated 

material properties due to remodeling. This newly generated input file was analyzed 

again and the results were used to update the next input file. The flowchart of the 

code Remodel is presented in Figure 3.2-1. 
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Figure 3.2-1 Flowchart of the code “Remodel” 

The program Remodel also included an easy user interface which could be used to 

change the parameters of the bone-remodeling process. (Figure 3.2-2). 
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Figure 3.2-2 The user interface of the program “Remodel”. 

By using the program Remodel, the convergence criteria which was assumed to be 

change in apparent density = 0.02 g/cm3 could be redefined from the user interface of 

the program that can be necessary in order to take in to account the personal 

condition of each patient. The program also had reporting functions like the time 

history of the elastic modulus, effective stress, actual stress and apparent density of 

any finite element or bone density for each time increment.  
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3.3 AXI-SYMMETRIC ANALYSIS 
 
 

For the first part of the study four different axi-symmetric models were analyzed to 

compare the bone remodeling phenomena in different physiological bones. Although 

this model was a very rough modeling of an implant-bone system, to have an insight 

of the remodeling process it was very essential to start the analysis with an 

axisymmetric model. The analysis was assumed to be carried out after 

osseontegration took place. This assumption made it possible to connect the outer 

nodes of the implant directly to the bone without defining any contact. This results in 

much simpler and a linear analysis in a comparatively shorter computer time. 

The variable in those models are the thickness of the bone. For this task the cortical 

bone thickness was assumed to be 1 mm, 0.5 mm and 0 mm and one with a 0.5 mm 

lower trabecular bone.   
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3.3.1 MODEL 
 
 

The model is constructed using an implant of 3.8 mm. For the simplicity of the axi-

symmetric model the implants are modeled without threads. In the beginning of the 

analysis the cortical bone and trabecular bone were assumed to be homogenous, 

linear isotropic which is not the case in the real bone structure. Four different models 

with different bone structure were modeled: 1 mm cortical bone thickness (Fig. 

3.3.1-1), 0.5 mm cortical bone thickness (Fig. 3.3.1-2), 0 mm cortical bone thickness 

(Fig. 3.3.1-3), 0.5 mm lowered trabecular bone (Fig. 3.3.1-4). 

 

Figure 3.3.1-1 Axi-symmetric model with 1 mm cortical bone thickness 

trabecular 

implant 

coritcal 
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Figure 3.3.1-2 Axi-symmetric model with 0.5 mm cortical bone thickness 

 

Figure 3.3.1-3 Axi-symmetric model without cortical bone 
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Figure 3.3.1-4 Axi-symmetric model with lower (0.5 mm loss) trabecular bone 

While meshing the model the critical areas were considered and the mesh was finer 

in those areas. The critical areas of the model were assumed to be in the region of the 

neck of the implant and the place where the force is applied. After the analysis it was 

observed that the stress gradient in those areas were really high which validated the 

assumption.  

implant 

trabecular 
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3.3.2 BOUNDARY CONDITIONS 
 
 

The boundary conditions of the model were defined as follows: The whole model is 

fixed in x and y directions on the outer nodes of the bottom and on the side. A 

vertical force of 75N is applied on the outer top node of the symmetry axis. As axi-

symmetry axis on the y-plane at y = 0 is defined automatically by MSC.Marc, the 

model is positioned in order to have the symmetry axis in correct coordinates.  

 

Figure 3.3.2-1 Boundary Conditions 
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3.3.3 RESULTS  
 
 

While inspecting the results of the analysis there are some critical aspects that one 

should take into account. First of all on the regions that are nearer to the boundary 

condition were not taken in to account. The reason for that was that there was a very 

rough estimation of the forces and the fixed displacements. The force was applied 

only on one node on the implant which results in a very high stress on the element 

that it is applied and which is not a good approximation of the real case. Due to the 

limitation of the code “Remodel”, the force was only applied on one node. Also the 

displacement boundary conditions did not represent the real situation, a better 

estimation could be modeling the whole mandibular bone and fixing it by the real 

muscles which are the real fixation of the mandibular bone.  

Although the axi-symmetric model was a very simplified way of modeling the 

implant and bone interactions, the bone remodeling is expected to occur around the 

implant that can be modeled in detail and according to the Saint Venant's principle 

the stress distribution around the implant bone-interface, which is far away from the 

boundary conditions is expected to be similar to a three-dimensional modelling of the 

implant with the whole mandibular bone (Ugural, 2003). Modelling the whole 

mandibular bone and using the muscle forces as the boundary conditions will be time 

consuming in modeling and computation and will not bring appreciable improvement 

in the results of interest.  

As a second critical point of inspection is the fact that there is a big difference in the 

elastic modulus of the materials. While displaying the stresses, a stress value on a 

node is calculated by using the elastic modulus of the every neighboring elements. 

This can cause to have an exaggerated value of stress especially on the implant-bone 

surface. As the implant has a high stiffness value and the bone has a smaller stiffness, 

while displaying the result the implant is isolated from the bone.  

The analysis results are examined in five different time intervals. One was just after 

the osseointegration, the others were as 3, 6, 9, and 12 months after the 

osseointegration. To simulate 3 month interval referring Beupre [18], 11 iterations 
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were performed. For the other time zones 6, 9, 12 months numbers of iterations were 

calculated 22, 33, and 44 respectively.  

The following quantities were considered in this analysis: 

- minimum principle stress  

- maximum principle stress  

- total strain energy 

- total equivalent strain 

- displacement of the bone 

- average elastic modulus and bone density 

As bone is a brittle material the principle stress values were the most appropriate 

candidates to analyze the results. Normally the critical areas were determined to be 

the regions having the absolute maximum values of the principle stresses.  

One of the efficient methods to analyze the principle stresses is first to understand 

the deformation pattern. In the following figure the deformation of the model for the 

applied load is represented (Figure 3.3.3-1). For the following figure “Spongiyos” 

refers trabecular bone. The deformation magnitude is 100 times exaggerated in order 

to see the deformation pattern more clearly.   

In Figure 3.3.3.1 it can be easily recognized that the cortical bone behaves as it is a 

cantilever beam supported at the outer region of the bone and the opposite edge 

moves downward as the implant can move easily deep inside the trabecular bone 

while trabecular bone has a smaller elastic modulus compared to cortical bone. 

Although this figure is obtained from the result of 1 mm cortical bone after 12 

months, very similar behavior is observed for the others. 
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Figure 3.3.3-1: Deformation of 1mm cortical model after 12 months 

By examining the results in detail the represented region below is selected for the 

principle stress considerations as the maximum principle stresses are appeared to be 

in that region. (Figure 3.3.3-2)  

 

Figure 3.3.3-2 The region of interest for the principle stress considerations. 

Time dependent variation of principle stresses is also one of the most essential points 

of this analysis. As the elastic modulus of the bone changes with time, principle 

stress values on the bone also vary in time. On the following figures, the maximum 

principle stress distribution on the bone can be visualized for the model with 1 mm 

cortical bone. (Figure 3.3.3-3) On those representations the stress scale is selected to 
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be between 0.5 to 5 MPa for all different time results to achieve a similar colored 

visualization of the result. The color scale of the following figures is so that the light 

grey represents the highest stress level. Yellow, orange, red, blue are the order from 

the highest stress to the lowest. Those dark gray regions are the regions where the 

maximum principle stress is lower than 0.5 MPa. In addition to that color scale the 

result on the implant is not considered for those figures so the implant is all green in 

color.  

 

Figure 3.3.3-3 Time-dependent changes in maximum principle stress 
distributions around the model with 1 mm cortical thickness. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

From a detailed examination of the above figures, it can be concluded that the region 

of high stress is increasing after the osseointegration during the one year period. Not 

only the region of high stress is increasing through time, but also the magnitude of 

the maximum of the maximum principle stress is increasing in time. (Figure 3.3.3-

11) 

Following figures are from the result of the model with 0.5 mm cortical bone. 

(Figure 3.3.3-4) Examining the result of this model, it can be observed that the region 
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of high stress is also increasing through time in a similar manner with the 1 mm 

cortical bone model.  

 

Figure 3.3.3-4 Time-dependent changes in maximum principle stress 
distributions around the model with 0.5 mm cortical thickness. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

For the models without cortical bone and lower trabecular bone, those models behave 

in a totally different manner comparing with the models with cortical bone in 

maximum principle stress distribution. The high stress region is not concentrated in 

one small portion of the bone like the models with cortical bone but it is more evenly 

distributed on the bone for the models without cortical bone. The cortical bone is 

much stiffer than the trabecular bone which causes the cortical bone to carry higher 

portion of the load itself in a quite narrow region. When the load is carried from a 

narrow region of bone a concentrated region of stress appears for the models with 

cortical bone.   

Therefore on the figures for the models without cortical bone, the whole structure of 

the bone implant system is considered. The change of the stress distribution and the 
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change of the numeric values for those models are very small compared to the 

models with the cortical bone.  

According to the obtained maximum principle stress values the stress scale is set to 

be between 0-0.5 MPa for the model without cortical bone and model with 0.5 mm 

lower trabecular bone.   

Following figures are the principle maximum stress result for the model without 

cortical bone. (Figure 3.3.3-5)  

 

Figure 3.3.3-5 Time-dependent changes in maximum principle stress 
distributions in model without cortical bone. (a. At osseointegration-unloaded 
phase; b. At 3 months of loading; c. At 6 months of loading; d. At 9 months of 
loading; e. At 12 months of loading.) 

Detailed examination of the figures, one can conclude that, the region of high stress 

is enlarged between the osseointegration and 3 months period. After the 3 months 

period, the high stress region gets smaller slightly through time. In a similar manner 

the maximum of the maximum principle stress value has the same behavior in time. 

(Figure 3.3.3-11) 

Next figures are from the model with 0.5 mm lower trabecular bone. (Figure 3.3.3-6) 

The stress distribution behaves almost the same with the model without cortical 

bone.    
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Figure 3.3.3-6 Time-dependent changes in maximum principle stress 
distributions in model with 0.5 mm loss of trabecular bone. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Minimum principle stress is also important for this kind of applications as the stress 

state is mostly compressive for this type of vertical loading in such an implant bone 

arrangement therefore the next parameter to examine will be the minimum principle 

stress. While interpreting the figures, special attention should be paid for the color 

distribution. The dark grey color represents the stress region for the implants as the 

stress on the implants is not of the concern of this study. The color scale of the 

following figures is so that the light grey represents the lowest minimum principle 

stress level. Yellow, orange, red, blue are the order from the highest stress to the 

lowest. 

Following figures are the minimum principle stress results for the model with 1 mm 

cortical bone. (Figure 3.3.3-7) The maximum of the minimum principle stress is 

appeared to be on the bone which has the interaction with the neck of the implant, 

outside of the bone where the implant and cortical bone meet. The area of the high 

stress region is similar with the maximum principle stress distribution, as in time the 

area of the region of high stress level gets bigger, and also the maximum value of the 

minimum principle stress increases in time (Figure 3.3.3-12). 
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The stress scale is selected to be between -10 MPa to 0 MPa from the achieved 

results for the models with 1 mm and 0.5 mm cortical bone so that the figures for 

these two models are easier to compare.  

 

Figure 3.3.3-7 Time-dependent changes in minimum principle stress 
distributions around the model with 1 mm cortical thickness. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Next figures are belonging to the model with 0.5 mm cortical thickness. (Figure 

3.3.3-8) The similar behavior of enlarging of the high stress region in time is also 

examined for this model. Also the numerical value of the maximum of minimum 

principle stress increases in time. (Figure 3.3.3-12) 
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Figure 3.3.3-8 Time-dependent changes in minimum principle stress 
distributions around the model with 0.5 mm cortical thickness. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Similar to the case of the maximum principle stress, the models with no cortical bone 

behave differently in stress distribution from the models with cortical bone. As the 

stress is more evenly distributed for the models without cortical bone, the whole 

structure of the bone is examined in the figures in contrary of the models with 

cortical bone. 

Following figures are the minimum principle stress from the model without cortical 

bone. (Figure 3.3.3-9) Similar to the maximum principle stress values, the region of 

high stress is enlarged between the osseointegration and three months period. After 

the three months period, the high stress region gets smaller slightly through time. In a 

similar manner the maximum of the minimum principle stress value has the same 

behavior in time. (Figure 3.3.3-12) 

The stress scale is selected to be between -0.5 MPa to 0 MPa from the achieved 

results for the models without cortical bone and 0.5 mm lower trabecular bone. 
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Figure 3.3.3-9 Time-dependent changes in minimum principle stress 
distributions in model without cortical bone. (a. At osseointegration-unloaded 
phase; b. At 3 months of loading; c. At 6 months of loading; d. At 9 months of 
loading; e. At 12 months of loading.)  

Next figures are the minimum principle stress distribution for the model with a 0.5 

mm lower trabecular bone (Figure 3.3.3-10). The similar behavior with the model 

without cortical bone is observed for the model with 0.5 mm lower trabecular bone, 

high stress region gets smaller between the osseointegration and 3 months period 

after 3 months the high stress region gets larger and the maximum of the minimum 

stress level increases slightly in time. (Figure 3.3.3-12) 
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Figure 3.3.3-10 Time-dependent changes in minimum principle stress 
distributions in model with 0.5 mm loss of trabecular bone. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

On the following figures, the maximum of the maximum principle stress (Figure 

3.3.3-11) and the maximum of the minimum principle stress (Figure 3.3.3-12) values 

are represented in time. 
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Figure 3.3.3-11 The maximum of maximum principle stress values for the four 
models in one year period. 
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Figure 3.3.3-12 The maximum of minimum principle stress values for the four 
models in one year period. 

Although for the models with cortical bone there is a significant increase in the 

maximum of the maximum principle stress and the maximum of the minimum 

principle stress, for the models without cortical bone, there is not a considerable 

deviation in the results. 

Another important parameter for this analysis to be discussed is the total strain 

energy density, since this parameter is somehow related with the remodeling 

equation. (Eq.2.1-5) As a result, the total strain energy density distribution represents 

the regions where there is resorption and apposition. The regions with high total 

strain energy density values, there is apposition on the bone and the regions with low 

total strain energy values are the regions where resorption of the bone is expected.   

On the following figure the total strain energy density results for the model with 1 

mm cortical bone. (Figure 3.3.3-13) To have a consistency for all the different 

models, the scale limits are selected to be 0.001 to 0 � J/mm3. The high values of total 

strain energy density are appeared to be on the regions on the outer surface of the 

cortical bone where the implant and cortical bone intersect, and the second region 

where there are high values of total strain energy appeared to be on the regions where 

the cortical bone, trabecular bone and the implant meet. On the regions with 

apposition, the elastic modulus and the density of the bone increase with time on 

contrary where there are low values of total strain energy density, the density and the 

elastic modulus of the bone decrease with time.  
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Figure 3.3.3-13 The total strain energy distribution around the implant for the 
model with 1 mm cortical thickness. (a. At osseointegration-unloaded phase; b. 
At 3 months of loading; c. At 6 months of loading; d. At 9 months of loading; e. 
At 12 months of loading.) 

To verify the statement above, three elements with the element number 100, 71 and 

68 were selected on that region for the model with 1 mm cortical thickness and 0.5 

mm cortical thickness (Figure 3.3.3-14). Those elements were selected as the 

candidates to verify that, the elastic modulus of the elements on the region of high 

total strain energy is increased in time and for the element on the region with low 

strain energy value, the elastic modulus is decreased in time. The change in time in 

elastic modulus for those elements is represented on the following figure. (Figure 

3.3.3-15, Figure 3.3.3-16)  
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Figure 3.3.3-14 Elements selected for the verification of resorption and 
apposition on the bone. 
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Figure 3.3.3-15 Elastic modulus versus time elements 68, 71 and 100 for the 
model with 1 mm cortical thickness 
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Figure 3.3.3-16 Elastic modulus versus time elements 68, 71 and 100 for the 
model with 0.5 mm cortical thickness 

Although the increase of elastic modulus for the element 68 in the model with 1 mm 

cortical thickness is very low comparing with the same element in the model with 0.5 

mm cortical thickness, the increase of elastic modulus for the element 71 in the 

model with 1 mm cortical thickness is very large comparing with the model with 0.5 

mm cortical thickness. This is due to the different stress distributions on the bone for 

different cortical thicknesses.  

On the following figure, the total strain energy result for the model with 0.5 mm 

cortical thickness is represented. (Figure 3.3.3-17)  The higher values of total strain 

energy are observed on the regions where the outer surface of the cortical bone 

intersects with the implant and on the regions where the implant, cortical bone and 

trabecular bone intersect similar to the model with 1 mm cortical bone.  
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Figure 3.3.3-17 The total strain energy distribution around the implant for the 
model with 0.5 mm cortical thickness. (a. At osseointegration-unloaded phase; 
b. At 3 months of loading; c. At 6 months of loading; d. At 9 months of loading; 
e. At 12 months of loading.) 

For the models without cortical bone, the total strain energy is also more evenly 

distributed comparing with the models with cortical bone in the same manner with 

the stress values. On the following figures (Figure 3.3.3-18, Figure 3.3.3-19), the 

total strain energy distribution for the models with no cortical bone and 0.5 mm 

lower trabecular bone are represented respectively. The higher values of strain 

energy values for the models are observed on the regions where the bone and the 

implant intersect.  
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Figure 3.3.3-18 The total strain energy distribution around the implant for the 
model without cortical bone. (a. At osseointegration-unloaded phase; b. At 3 
months of loading; c. At 6 months of loading; d. At 9 months of loading; e. At 12 
months of loading.) 

 
Figure 3.3.3-19: The total strain energy distribution around the implant for the 
model with 0.5 mm lower trabecular bone. (a. At osseointegration-unloaded 
phase; b. At 3 months of loading; c. At 6 months of loading; d. At 9 months of 
loading; e. At 12 months of loading.) 
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Another parameter to be discussed is the maximum displacement of the bone in time. 

The maximum displacement is important in clinical sense, as it represents the 

maximum deformation of the bone under specific loading. On the following graph 

(Figure 3.3.3-20), the maximum displacement values for the four models in time are 

represented. 
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Figure 3.3.3-20: Maximum displacement values for the four models in time. 

For all the four different models there is an increase in maximum displacement in 

time. As a result the overall stiffness of the bone/mandible decreases in time, 

although some elements have a significant increase in elastic modulus through time 

and also there is a very slight increase in average elastic modulus values in time for 

the cortical bone. (Figure 3.3.3-21, Figure 3.3.3-22) As can be predicted the 

maximum deformation is achieved for the model with 0.5 mm lower trabecular bone 

and followed by the model with no cortical bone, 0.5 mm cortical bone and 1 mm 

cortical bone.  
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Figure 3.3.3-21: Average density of the cortical bone for the models with 1 mm 
cortical thickness and 0.5 mm cortical thickness 
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Figure 3.3.3-22: Average elastic modulus of the cortical bone for the models 
with 1 mm cortical thickness and 0.5 mm cortical thickness 

For trabecular bone there is a small decrease in elastic modulus and density values in 

time. (Figure 3.3.3-23, Figure 3.3.3-24) 



 

 

59 

0.6385

0.639

0.6395

0.64

0.6405

0.641

0.6415

0.642

0 3 6 9 12
time (months)

B
on

e 
D

en
si

ty
 (

g/
cc

)

Cortical 1mm

Cortical 0.5mm

w/o Cortical

Trabecular 0.5mm loss

 

Figure 3.3.3-23: Average density of the trabecular bone for the models with 1 
mm cortical thickness, 0.5 mm cortical thickness, without cortical bone and 0.5 
mm lower trabecular bone. 
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Figure 3.3.3-24: Average elastic modulus of the trabecular bone for the models 
with 1 mm cortical thickness, 0.5 mm cortical thickness, without cortical bone 
and 0.5 mm lower trabecular bone. 
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3.3.4 DISCUSSION  
 
 

The Stanford theory has been used to simulate morphogenesis and internal 

remodeling in the proximal femur, and the calculated bone density distributions have 

been reported to similar with documented observations (Beaupre et al. 1990). In the 

present study, this theory was applied to oral implants in order to obtain a deeper 

knowledge of the biomechanics of bone around loaded implants, and changes in 

density and elastic modulus of supporting bone. As the thickness of the cortical bone 

frequently changes depending on the site in the oral cavity (i.e., the anterior mandible 

frequently exhibits a thick cortical plate overlying the alveolar crest, whereas the 

posterior maxilla sometimes lacks cortical bone), finite element models were created 

as four different bone support scenarios to simulate the clinical situation. The axi-

symmetric analysis for the remodeling of the bone around oral implants was a 

simplified approach for the analysis of a complex biomechanical problem. Many 

assumptions were involved in such an analysis like the geometrical simplifications, 

material simplifications, and idealized boundary conditions. Although the axi-

symmetric analysis was a simplistic approach for such problems, the remodeling of 

the bone was observed and clinically-relevant results were achieved in qualitative 

sense. Nevertheless, numeric models which do not have a poro-elastic nature have 

limitations in simulating the actual behavior of bone. 

While inspecting the results of the analysis, there are some critical aspects that 

should be considered. First, the stresses in the regions that are close to the boundaries 

were not considered because applied boundary conditions were simplified versions 

of the actual physiologic conditions. For example, the force was applied only on one 

node (i. e. concentrated load) on the implant, results in very high stresses on 

neighboring elements. Saint Venant’s principle states that “if an actual distribution of 

forces is replaced by a statically equivalent system, the distribution of stress and 

strain throughout the body is altered only near the regions of load application” 

(Ugural & Fenster, 2003). A second critical point of concern is the fact that there was 

a remarkable difference in the elastic modulus of the two materials, namely the 

implant (E = 110 GPa) and the bone (1.37 GPa < E < 14.7 GPa). While displaying 

the stresses by contour plots by using MSC.Mentat 2005, in order to have a 
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continuous plot through the elements edges shared by two elements with very 

different elastic modulus, the stress values are interpolated by using the average 

elastic modulus of the two neighboring elements. This can result in an exaggerated 

value of stress especially on the implant bone surface. As the implant has a high 

stiffness and the bone has a low stiffness, the implant was isolated from the bone in 

displaying the result. 

In the present study, it was observed that there was a time-dependent increase in 

maximum principle stress and minimum principle stress values in the bone, 

particularly in models having cortical bone. In addition, the presence of cortical bone 

had a determining effect on stress distributions. In the presence of cortical bone, 

higher stress concentrations were observed at the junction of cortical bone and 

trabecular bone, whereas in models 3 and 4, a more even distribution of stresses was 

observed. This observation is related to the difference between the elastic modulus of 

the cortical bone and trabecular bone. Another clinically-relevant observation is that 

the region of high stress region at the neck of the implant was enlarged between the 

osseointegration and three months period. After the three months period, the high 

stress region became slightly smaller through time. This could imply that the first 

three months of loading is crucial in terms of remodeling of bone at the implant neck. 

For all finite element models, the apposition of bone appeared to be on the regions 

near the bone-implant interface and the resorption of the bone was observed on the 

regions far away from the implant. In the real situation, a clinically-distinguishable 

resorption has not been reported at a distance away from the implant, as an implant is 

frequently neighbored by an implant or tooth, which stimulates bone. The time-

dependent presence of cortical bone, as observed from the results, could presumably 

favor implant survival and increase interface stiffness around the implant neck. In 

contrast, implants supported by trabecular bone or a decreased level of trabecular 

bone are more prone to skeletal tissue loss. It is interesting to note that in scenarios 

with and without cortical bone support, the fate of trabecular bone is the same. 

Another important parameter for this analysis to be discussed is the total strain 

energy density, as this parameter is somehow related with the remodeling equation. 

The total strain energy density distribution represents the regions where there is 

resorption and apposition. The regions with high total strain energy density values 

are associated with apposition of bone. Likewise, the regions with low total strain 
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energy values are associated with resorption of the bone. In the present study, strain 

energy density was more intense around the neck in models with cortical bone, 

which implies that the cortical bone is a determining factor in bone apposition. In 

contrast, it was observed that, the strain energy density decreased in the 0-6 month 

loading history of models 3 and 4, and then increased in the following months. In the 

present study, it was also observed that the lowest implant displacement values were 

observed in model 1, followed by model 2, model 3, and the highest displacement 

was recorded in model 4. This result implies that the vertical displacement of an 

implant is directly related to the amount of cortical bone (a material with higher 

elastic modulus) around its neck.  

Overall, the time-dependent increase in maximum and minimum principle stress, and 

increase in density and elastic modulus of bone imply that, the neck of the implant is 

a critical zone experiencing high rate of remodeling in the first year of function. 

Clinical studies partly support this finding (Moberg et al. 2001; Astrand et al. 2004), 

as an increase in bone mass is observed around the implant. Nevertheless, it is 

impossible to understand in the "clinical situation" whether an implant is loaded in 

the physiologic milieu or not and therefore, some implants exhibiting time-dependent 

increase in bone mass in the unloaded scenario (Gotfredsen et al.1995) may be 

candidates for experiencing a history of "mild overload" (Frost 1994) or overload 

(Isidor, 1996) in function. Therefore, an implant having a history of physiologic 

loading could possibly exhibit "gain" in bone mass around the implant neck, 

especially if cortical bone is present. In the present study, decrease in density and 

elastic modulus of trabecular bone could indicate resorption, but it is not known yet 

if this could lead to decreased support for overlying cortical bone, microdamage, and 

eventual marginal tissue loss in the first year of function. Such parameters need to be 

explored in experimental animal studies. 
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3.4 THREE DIMENSIONAL ANALYSIS 
 
 

Three dimensional analysis of the bone implant interaction is a more realistic 

modeling of the real bone-implant system as implants are not totally axi-symmetric 

and loads applied are not always vertical. In order to have a better understanding of 

the bone-implant interaction, in this part of this study, peri-bone remodelling around 

dental implants with different macrogeometry will be investigated using three-

dimensional finite element analysis  

Two different implant types of Straumann Dental Implant System (Straumann 

Institut, Basel, Switzerland) were selected as the candidates to perform the analysis. 

The first one is a standard plus Strauman dental implant  12 mm with 4.1 mm 

diameter (Figure 3.4-1-a) and the second one is Straumann TE (Tapered Effect) 

dental implant 12 mm 3.3/4.1 mm diameter (Figure 3.4-1-b).   

  

Figure 3.4-1 Straumann dental implants. (a. Straumann-Standard plus, b. 
Straumann-TE (Tapered Effect)) 

The analysis is carried out to simulate the two months of initial peri-implant bone 

healing subsequent to implant placement. In order to simulate the behavior of the 

implant-bone interface following the implant placement, contact between bone and 

should be correctly defined. In the following sections a verification of the contact 

definition will be discussed in detail. 

a b 
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3.4.1 MODEL   

  

 

The first challenge on this point is to have the complete geometrical specification of 

the implants. Due to the fact that, computer aided drawing (CAD) data for the 

implants cannot be obtained from the manufacturer, solid models of both of the 

implants were constructed from the catalog data and by using some high quality 

photos. 

After construction of the implants the CAD data were meshed for finite element 

analysis purposes by using MSC.Mentat. Although hexahedral elements are always 

preferable to achieve better results, the complicated geometry of the implants could 

not be meshed in detail with hexahedral elements. As a result implants were meshed 

by tetrahedral elements with 4 nodes (Element #134) but using a finer mesh. Three 

dimensional finite element models of the implants are represented in Figure 3.4.1-1. 

 

Figure 3.4.1-1 Finite Element Model of the implants. (a. Straumann-Standard, 
b. Straumann-TE (Tapered Effect)) 

  

The cortical bone is selected to be of 1 mm thickness as 1 mm is the lowest possible 

cortical bone thickness for implant implementations. A cylindrical bone structure is 

a b 
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used to model the bone around the implants. Assuming the actual geometry of the 

whole bone does not have an important influence on the results around the bone-

implant interface by Saint Venant's principle (Ugural, 2003), the cylindrical bone 

structure is used rather than the full mandible. The complete modeling of the 

mandibular bone is time consuming in modeling and computation time. The 

complete finite element models of the two implants are represented on the following 

figures. (Figure 3.4.1-2)  

 

Figure 3.4.1-2 Complete 3-D Finite Element Model. (a. Straumann-Standard, b. 
Straumann-TE (Tapered Effect)) 

While meshing the model, the element length is tried to be selected as optimum, so 

the implant-bone interface which is the area of investigation have a finer mesh 

compared with the other parts of the model. Using finer mesh for the whole model 

would make the computation time much longer without affecting the result on the 

area of interest. Number of elements for the models are presented in (Table 3.4.1-1. 

Table 3.4.1-1 Number of elements  

Implant Cortical Bone Trabecular Bone Total
ITI Standard 8089 2031 28069 38189
ITI TE 9771 2168 31583 43522

Number of Elements

 

trabecular 

implant 

cortical 
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3.4.2 BOUNDARY CONDITIONS 
 
 

The boundary conditions of the model are defined as follows: The whole model was 

fixed in x and y directions on the outer nodes of the bottom and on the side. An 

oblique force of 100 N and 30 N with 30° from the vertical axis of the implant was 

applied on the center node of the implant. 100 N is loaded for the case of chewing 

hard food and 30 N is the optimal condition that the patient does not chew anything 

hard.    

  

Figure 3.4.2-1: Boundary Conditions (left) Applied Load (right) 

30 N, 100 N 
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3.4.3 RESULTS  
 
 

The analysis results were examined in five different time intervals. One was just after 

the implementation; the others were as two, four, six, and eight weeks after the 

implementation. To simulate two weeks interval referring Beupre (1990), two 

iterations were performed. For the other time intervals four, six and eight weeks 

numbers of iterations were four, six and eight respectively.  

The following quantities were analyzed in this analysis: 

- maximum principle stress  

- minimum principle stress  

- total strain energy 

- displacements on the bone 

As bone is a brittle material the principle stress values are the most appropriate 

candidates to analyze the results. Normally the critical areas were determined to be 

the regions having the absolute maximum values of the principle stresses.  

In the first part of this section, verification of the contact model will be done. In the 

second part of this section, results of the analysis will be represented in detail.  
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3.4.3.1 Verification of the Contact Model 
 
 

The mechanics of contact between the implant and bone interface is a complicated 

problem of biomechanics. The poro-elastic behavior of the bone, special coating on 

the implant interfaces are very difficult to model in finite element analysis. A 

simplified method to define the contact between implant and bone is proposed by 

Rubin (1993). Rubin proposed to use a Coulomb frictional interface with a 

coefficient of friction of 0.3.  

Due to the limitation of the code “Remodel” and capacity of the available computer, 

the remodeling process could not be analyzed by using a non-linear contact analysis. 

Although the contact interface should be defined in a non-linear manner to have a 

realistic solution, in this section it will be shown that the non-linear contact behavior 

did not affect the solution considerably. 

The two models with Straumann-Standard and Straumann-TE implants were first 

analyzed by using a non-linear contact definition with Coulomb friction model 

having a coefficient of 0.3. The idea is to use the contact status of the non-linear 

analysis and define a linear model. Nodes of the implants in contact with bone 

obtained from the non-linear analysis will be connected to the nodes of the bone. In 

contrary, nodes of the implant which were not in contact with bone will be set to free 

and would not be connected with bone. The linear analysis with the modified 

connection of node between implant and bone was called “linear-contact analysis” 

for this study. The results of the two methods of contact definition will be compared.  

Another method of defining implant bone interface will be the full connection of the 

implant with bone. The results of this method will be also compared with the other 

methods. 

The first comparison between the results of two models was done considering the 

deformation behavior. In the following figures the five hundred times exaggerated 

deformations for the Straumann-Standard for the oblique load of 100 N are 

represented for the three different methods (Figure 3.4.3.1-1, 3.4.3.1-2).  
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Figure 3.4.3.1-1 Five hundred times exaggerated deformations of the three 
methods of contact definition for Straumann-Standard. (top view) (a. Non-
linear Coulomb friction, b. Linear contact, c. Fully integrated implant with 
bone) 

  

Figure 3.4.3.1-2 Five hundred times exaggerated deformations of the three 
methods of contact definition for Straumann-Standard. (side view) (a. Non-
linear Coulomb friction, b. Linear contact, c. Fully integrated implant with 
bone) 

Maximum of the total deformations on the bone for Straumann-Standard implant 

model is represented in Figure 3.4.3.1-3. 

a b c 

a b c 
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Figure 3.4.3.1-3 Maximum of total displacement on bone for Straumann-
Standard implant model 

On the following figures, five hundred times exaggerated deformations for the 

Straumann-TE for the oblique load of 100 N are represented for the three different 

methods. (Figure 3.4.3.1-4, 3.4.3.1-5) 

 

Figure 3.4.3.1-4 Five hundred times exaggerated deformations of the three 
methods of contact definition for Straumann-TE. (top view) (a. Non-linear 
Coulomb friction, b. Linear contact, c. Fully integrated implant with bone) 

a b c 



 

 

71 

 
Figure 3.4.3.1-5 Five hundred times exaggerated deformations of the three 
methods of contact definition for Straumann-TE. (top view) (a. Non-linear 
Coulomb friction, b. Linear contact, c. Fully integrated implant with bone)  

Maximum of the total deformations on the bone for Straumann-TE implant model is 

represented in Figure 3.4.3.1-6. 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

Non-linear
Contact

Linear
Contact

Totaly
integrated

D
is

pl
ac

e
m

e
nt

 (
�m

)

X-Displacement

Y-Displacement

 

Figure 3.4.3.1-6 Maximum of total displacement on bone for Straumann-TE 
implant model 

The first impression from examining the deformation pattern and the maximum of 

the displacement in x and y direction, one can conclude that, linear contact method is 

a much better estimation of the non linear contact definition comparing with the 

totally integrated implant bone interface.  

One other important result to verify the contact model is selected to be the total strain 

energy density. Total strain energy density is an important parameter for the 

remodeling process while the resorption, apposition rate is directly proportional with 

the total strain energy value. (Equation. 3.1-2) 

a b c 
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Figure 3.4.3.1-7 Straumann-Standard Total Strain Energy Density (� J/mm3) 
(a,d. Non-linear Coulomb friction, b,e. Linear contact, c,f. Fully integrated 
implant with bone)   

  

  

Figure 3.4.3.1-8 Straumann-Te Total Strain Energy Density (� J/mm3) (a,d. Non-
linear Coulomb friction, b,e. Linear contact, c,f. Fully integrated implant with 
bone)   

Similarly with the deformations, linear contact is a better approximation of the non-

linear contact behavior comparing with the fully integrated bone-implant interface. 

Although there is small discrepancy between the distributions of the total strain 

energy density, linear contact has similar behavior in deformation and the total strain 

energy distribution is also acceptable. For the rest of the study the linear contact is 

selected to be the contact method.  

a b c 

d e f 

a b c 

d e f 
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The contact situation assumed to be not changing in time during remodelling, so the 

node connectivity of the implant and bone interface at the beginning with original 

material properties is taken for the following analysis always the same. The change 

of the contact interface between implant and bone is neglectable as remodelling 

process only changes the elastic modulus of the elements in a limited level so that the 

contact interface will remain almost the same during the remodelling. 
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3.4.3.2 Maximum Principle Stresses 
 
 

 

Stress level on the bone is one of the important aspects of the bone-implant 

performance. The micro failure of the bone around the dental implants causing the 

loosening of the implant is one of the most common failures of the dental implants. 

The maximum principle stresses are especially very important as the bone has worser 

tensile performance comparing with compressive performance. Results were 

investigated in 15 days intervals. 

The region of interest is selected to be the area where the maximum principle stresses 

exist on the cortical bone. (Figure 3.4.3.2-1) Contour plots are also plotted from 

those regions.  

 

Figure 3.4.3.2-1 The region of interest for the maximum principle stress 
considerations. 

For the contour plots of the principle stress maximum, the stress scale is selected to 

be between 0 to 8 MPa for all different time results on cortical bone and 0 to 1 MPa 

on trabecular bone to achieve a similar colored visualization. The color scale of the 

following figures is so that the light grey represents the highest stress level. Yellow, 

orange, red, blue are the order from the highest stress to the lowest. Those dark gray 

regions are the regions where we have a maximum principle stress lower than 0 MPa.  
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On the following figures, contour plots of the maximum principle stress are 

represented for the Straumann-Standard implant bone interface (Figure 3.4.3.2-2) 

and Straumann-TE implant bone interface (Figure 3.4.3.2-3) under oblique loading 

of 100 N on cortical bone. 

 
Figure 3.4.3.2-2 Contour plots for the maximum principle stress (MPa) on 
cortical bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 
Figure 3.4.3.2-3 Contour plots for the maximum principle stress (MPa) on 
cortical bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Contour plots of the maximum principle stress are represented for the Straumann-

Standard implant bone interface (Figure 3.4.3.2-4) and Straumann-TE implant bone 

interface (Figure 3.4.3.2-5) under oblique loading of 100 N on trabecular bone. 

 

Figure 3.4.3.2-4 Contour plots for the maximum principle stress (MPa) on 
trabecular bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 
Figure 3.4.3.2-5 Contour plots for the maximum principle stress (MPa) on 
trabecular bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Another important parameter is the maximum value of the maximum principle stress. 

Maximum of the maximum principle stress versus time graphs for cortical bone 

(Figure 3.4.3.2-6) and trabecular bone under 100 N loading are represented in Figure 

3.4.3.2-7. 
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Figure 3.4.3.2-6 Maximum of the maximum principle stress on cortical bone for 
Straumann-Standard and Straumann-TE implants versus time under 100 N 
loading. 
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Figure 3.4.3.2-7 Maximum of the maximum principle stress on trabecular bone 
for Straumann-Standard and Straumann-TE implants versus time under 100 N 
loading. 



 

 

78 

Results of the maximum principle stress on the region of interest, under 30 N loading 

for Straumann-Standard (Figure 3.4.3.2-8) and Straumann-TE (Figure 3.4.3.2-9) are 

represented.  

  

Figure 3.4.3.2-8 Contour plots for the maximum principle stress (MPa) on 
cortical bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

  

Figure 3.4.3.2-9 Contour plots for the maximum principle stress (MPa) on 
cortical bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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On the following figures, contour plots of the maximum principle stress are 

represented for the Straumann-Standard implant bone interface (Figure 3.4.3.2-10) 

and Straumann-TE implant bone interface (Figure 3.4.3.2-11) under oblique loading 

of 100 N on trabecular bone. 

 

Figure 3.4.3.2-10 Contour plots for the maximum principle stress (MPa) on 
trabecular bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 

Figure 3.4.3.2-11 Contour plots for the maximum principle stress (MPa) on 
trabecular bone for Straumann-TE under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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On the following figures, maximum of the maximum principle stress versus time 

graphs for cortical bone (Figure 3.4.3.2-12) and trabecular bone under 30 N loading 

are represented (Figure 3.4.3.2-13): 
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Figure 3.4.3.2-12 Maximum of the maximum principle stress on cortical bone 
for Straumann-Standard and Straumann-TE implants versus time under 30 N 
loading. 
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Figure 3.4.3.2-13 Maximum of the maximum principle stress on trabecular bone 
for Straumann-Standard and Straumann-TE implants versus time under 30 N 
loading. 
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3.4.3.3 Minimum Principle Stresses 
 
 

Minimum principle stress is also important for this kind of applications as the stress 

state is mostly compressive for oblique loading in such an implant bone arrangement. 

For the cortical bone, similarly with the maximum principle stress, a region of 

special interest is selected to visualize the results taking account of the region of 

maximum of the minimum principle stress (Figure 3.4.3.3-1). 

 
Figure 3.4.3.3-1 The region of interest for the minimum principle stress 
considerations. 

While interpreting the figures, special attention should be paid for the color 

distribution. The color scale of the following figures is so that the light grey 

represents the lowest minimum principle stress level. Yellow, orange, red, blue are 

the order from the lowest stress to the highest. 

On the following figures, contour plots of the minimum principle stress are 

represented for the Straumann-Standard implant bone interface (Figure 3.4.3.3-2) 

and Straumann-TE implant bone interface (Figure 3.4.3.3-3) under oblique loading 

of 100 N on cortical bone. 

 



 

 

82 

 

Figure 3.4.3.3-2 Contour plots for the minimum principle stress (MPa) on 
cortical bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 

Figure 3.4.3.3-3 Contour plots for the maximum principle stress (MPa) on 
cortical bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Results of the minimum principle stress on trabecular bone, under 100 N loading for 

Straumann-Standard (Figure 3.4.3.3-4) and Straumann-TE (Figure 3.4.3.3-5) are 

represented. 

 

Figure 3.4.3.3-4 Contour plots for the minimum principle stress (MPa) on 
trabecular bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 
Figure 3.4.3.3-5 Contour plots for the minimum principle stress (MPa) on 
trabecular bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Another important parameter is the absolute maximum value of the minimum 

principle stress. Absolute maximum of the minimum principle stress versus time 
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graphs for cortical bone (Figure 3.4.3.3-6) and trabecular bone under 100 N loading 

are represented (Figure 3.4.3.3-7). 
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Figure 3.4.3.3-6 Absolute maximum of the minimum principle stress on cortical 
bone for Straumann-Standard and Straumann-TE implants versus time under 
100 N loading. 
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Figure 3.4.3.3-7 Absolute maximum of the minimum principle stress on 
trabecular bone for Straumann-Standard and Straumann-TE implants versus 
time under 100 N loading. 
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On the following figures, contour plots of the minimum principle stress are 

represented for the Straumann-Standard implant bone interface (Figure 3.4.3.3-8) 

and Straumann-TE implant bone interface (Figure 3.4.3.3-9) under oblique loading 

of 30 N on cortical bone. 

 

Figure 3.4.3.3-8 Contour plots for the minimum principle stress (MPa) on 
cortical bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Figure 3.4.3.3-9 Contour plots for the minimum principle stress (MPa) on 
cortical bone for Straumann-TE under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Results of the minimum principle stress on trabecular bone, under 100 N loading for 

Straumann-Standard (Figure 3.4.3.3-10) and Straumann-TE (Figure 3.4.3.3-11) are 

represented. 

 

Figure 3.4.3.3-10 Contour Plots for the minimum principle stress (MPa) on 
trabecular bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Figure 3.4.3.3-11 Contour Plots for the minimum principle stress (MPa) on 
trabecular bone for Straumann-TE under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Absolute maximum of the minimum principle stress versus time graphs for cortical 

bone (Figure 3.4.3.3-12) and trabecular bone under 30 N loading are represented in 

Figure 3.4.3.3-13. 
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Figure 3.4.3.3-12 Absolute maximum of the minimum principle stress on 
cortical bone for Straumann-Standard and Straumann-TE implants versus time 
under 30 N loading. 
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Figure 3.4.3.3-13 Absolute maximum of the minimum principle stress on 
trabecular bone for Straumann-Standard and Straumann-TE implants versus 
time under 30 N loading. 
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3.4.3.4 Total Strain Energy Density 
 
 

Total strain energy density which is somehow related with the remodeling equation 

(Eq.2.1-5) is a decisive parameter for resorption and apposition. Total strain energy 

density distributions are helpful to decide where the bone has resorption and 

apposition. The regions with high total strain energy density values have apposition 

on the bone and the regions with low total strain energy values are the regions where 

resorption of the bone is expected.   

While representing the contour plots of the total strain energy density, similarly with 

principle stress results, where the maximum of total strain energy density appears is 

selected to be the region of interest for cortical bone. The region of interest for total 

strain energy density is same as the region for the minimum principle stress. (Figure 

3.4.3.3-1) 

On the following figures, total strain energy density results for the Straumann-

Standard implant (Figure 3.4.3.4-1) and Straumann-TE implant (Figure 3.4.3.4-2) on 

cortical bone under oblique loading of 100 N are represented. 

 

Figure 3.4.3.4-1 Contour Plots for the total strain energy density (� J/mm3) on 
cortical bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Figure 3.4.3.4-2 Contour Plots for the total strain energy density (� J/mm3) on 
cortical bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Contour plots of the total strain energy density are represented for the Straumann-

Standard implant bone interface (Figure 3.4.3.4-3) and Straumann-TE implant bone 

interface (Figure 3.4.3.4-4) under oblique loading of 100 N on trabecular bone. 
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Figure 3.4.3.4-3 Contour Plots for the total strain energy density (� J/mm3) on 
trabecular bone for Straumann-Standard under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 

Figure 3.4.3.4-4 Contour Plots for the total strain energy density (� J/mm3) on 
trabecular bone for Straumann-TE under 100 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

Maximum of total strain energy density versus time graphs for cortical bone (Figure 

3.4.3.4-5) and trabecular bone under 30 N loading are represented as follows (Figure 

3.4.3.4-6): 
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Figure 3.4.3.4-5 Maximum of the total strain energy density on cortical bone for 
Straumann-Standard and Straumann-TE implants versus time under 100 N 
loading. 
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Figure 3.4.3.4-6 Maximum of the total strain energy density on trabecular bone 
for Straumann-Standard and Straumann-TE implants versus time under 100 N 
loading. 
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For the second loading condition with an oblique force of 30 N, total strain energy 

density results for Straumann-Standard implant (Figure 3.4.3.4-7) and Straumann-TE 

implant (Figure 3.4.3.4-8) on cortical bone are represented as follows: 

 

Figure 3.4.3.4-7 Contour Plots for the total strain energy density (� J/mm3) on 
cortical bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 

Figure 3.4.3.4-8 Contour Plots for the total strain energy density (� J/mm3) on 
cortical bone for Straumann-TE under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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Results of the total strain energy density on trabecular bone, under 30 N loading for 

Straumann-Standard (Figure 3.4.3.4-9) and Straumann-TE (Figure 3.4.3.4-10) are 

represented. 

 

Figure 3.4.3.4-9 Contour Plots for the total strain energy density (� J/mm3) on 
trabecular bone for Straumann-Standard under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 

 

Figure 3.4.3.4-10 Contour Plots for the total strain energy density (� J/mm3) on 
trabecular bone for Straumann-TE under 30 N oblique loading. (a. At 
osseointegration-unloaded phase; b. At 3 months of loading; c. At 6 months of 
loading; d. At 9 months of loading; e. At 12 months of loading.) 
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On the following figures, maximum of total strain energy density versus time graphs 

for cortical bone (Figure 3.4.3.4-11) and trabecular bone under 30 N loading are 

represented (Figure 3.4.3.4-12). 
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Figure 3.4.3.4-11 Maximum of the total strain energy density on cortical bone 
for Straumann-Standard and Straumann-TE implants versus time under 30 N 
loading. 
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Figure 3.4.3.4-12 Maximum of the total strain energy density on trabecular 
bone for Straumann-Standard and Straumann-TE implants versus time under 
30 N loading. 
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Two elements in Straumann-Standard implant-bone interface with the element #643 

(Figure 3.4.3.4-13)  and #586 (Figure 3.4.3.4-14) are selected to verify that, the 

elastic modulus of the elements on the region of high total strain energy is increased 

in time and for the element on the region with low strain energy value, the elastic 

modulus is decreased in time.  

 

Figure 3.4.3.4-13 Element #643 for Straumann-Standard implant-bone interface 

 

Figure 3.4.3.4-14 Element #586 for Straumann-Standard implant-bone interface 

Change of elastic modulus in time for those elements is represented on the following 

graphs. (Figure 3.4.3.4-15, Figure 3.4.3.4-16)  
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Figure 3.4.3.4-15 Elastic Modulus for Element #643 and Element #586 for 100 N 
oblique loading for Straumann-Standard Model. 
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Figure 3.4.3.4-16 Elastic Modulus for Element #643 and Element #586 for 30 N 
oblique loading for Straumann-Standard Model. 

Similarly with Straumann-Standard implant-bone interface, element #614 (Figure 

3.4.3.5-17) and element #23 (Figure 3.4.3.5-18) are selected for Straumann-TE 

implant-bone interface to plot the elastic modulus versus time. 
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Figure 3.4.3.4-17 Element #614 for Straumann-TE implant-bone interface 

 
Figure 3.4.3.4-18 Element #23 for Straumann-TE implant-bone interface 

Change of elastic modulus in time for those elements is represented in Figure 

3.4.3.5-19 and in Figure 3.4.3.5-20)  
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Figure 3.4.3.4-19 Elastic Modulus for Element #614 and Element #23 for 100 N 
oblique loading for Straumann-TE Model. 
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Figure 3.4.3.4-20 Elastic Modulus for Element #614 and Element #23 for 30 N 
oblique loading for Straumann-TE Model. 
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3.4.3.5 Displacements 
 
 

Another parameter to be discussed is the maximum displacement of the bone in time. 

Maximum displacement values are helpful to determine the general stiffness of the 

implant-bone system. Displacements in both x and y direction is investigated as the 

force is oblique and has components in both directions. (Figure 3.4.3.5-1) 

  

Figure 3.4.3.5-1 Loading Condition 

On the following graphs, maximum displacement values in direction-x (Figure 

3.4.3.5-2) and in direction-y (Figure 3.4.3.5-3) are represented for 100 N oblique 

loading.  

30 N, 100 N 
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Figure 3.4.3.5-2 Maximum displacement on bone in x-direction versus time 
under 100 N oblique loading. 
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Figure 3.4.3.5-3 Maximum displacement on bone in y-direction versus time 
under 100 N oblique loading. 

For the second loading condition of 30 N, maximum displacement values in 

direction-x (Figure 3.4.3.5-4) and in direction-y (Figure 3.4.3.5-5) are represented. 
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Figure 3.4.3.5-4 Maximum displacement on bone in x-direction versus time 
under 30 N oblique loading. 

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

0 15 30 45 60
time (days)

D
is

pl
ac

em
en

t (
�

m
) 

Straumann-Standard

Straumann-TE

 

Figure 3.4.3.5-5 Maximum displacement on bone in y-direction versus time 
under 30 N oblique loading. 
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3.4.4 DISCUSSION  
 
 
In this study, the effect of the remodeling which is an important parameter in dental 

implant design has been simulated using a mathematical formulation that is able to 

predict this adaptive bone behavior. Not only the remodeling of the bone is simulated 

but also the two types of implants are compared in performance during the 

remodeling process.  

The topic is the effect of mechanical stimulus on peri-implant bone around 

immediately loaded dental implant in the early healing period. When immediate 

loading of a dental implant is considered, the problem becomes more complicated 

with regards to implant-bone interface. In immediate loading cases, surgically placed 

implant is simply in contact with the surrounding bone. Basically, this relationship 

can be referred as mechanical when compared to established bone-implant interface 

which is biological after a certain period of time following placement. The rationale 

of the mechanical stimulation of bone tissue via immediate loading of a dental 

implant is based on the Mechanostat Theory proposed by Frost (1987). Basically, 

mechanostat concept is based on the idea that there exists an effective strain, set 

point, with a mechanical overload, a response will occur that increases bone mass 

and strength. When an implant is stimulated mechanically, loaded immediately, 

before establishment of biological integration between bone and implant under well 

defined circumstances, bone apposition upon implant surface is expected. However, 

to achieve biological bone to implant contact under mechanical stimulus, there are 

fundamental factors to taken into consideration. In essence, they can be categorized 

as mechanical and biological. Biological factors are those related to the bone tissue 

physiology. Mechanical ones factors may be further sub grouped as extrinsic and 

intrinsic. Extrinsic factors cover the mechanical environment that constitutes the 

vectorial behavior of applied load. Intrinsic factors are mostly includes the design of 

implant and its associated parts. In this second part of this study, the effects of 

applied load magnitude and the mechanical design on peri-implant bone around 

immediately loaded single dental implant was evaluated. In this regard, time-

dependent biology of bone without morphological properties is involved in the study 

by applying the Stanford Theory proposed by Beaupre and Carter (1990). 
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Principle stress maximum is the first point of discussion. For the first loading 

condition of 100 N, although maximum principle stress distribution (Figure 3.4.3.2-

2- 3.4.3.2-5) in time does not significantly change in time, examining the maximum 

value of the maximum principle stresses, one can conclude that the maximum value 

of the maximum principle stress increases in time for cortical bone. (Figure 3.4.3.2-

6) In contrary with increasing maximum value of the maximum principle stress on 

cortical bone, for the trabecular bone, there is a decrease in maximum value of the 

maximum principle stress in time (Figure 3.4.3.2-7). It can be suggested that, during 

remodeling process, cortical bone becomes stiffer and stiffer so that cortical bone 

carries more and more load in time comparing with trabecular bone under 100 N 

oblique loading. 

For the second loading condition of 30 N by examining the contour plots (Figure 

3.4.3.2-8-3.4.3.2-11) and maximum value of the maximum principle stress versus 

time graphs (Figure 3.4.3.2-12, Figure 3.4.3.2-13), it can be concluded that the 

remodelling process slows down under a lower magnitude of loading. The stress 

distribution does not significantly alter in time by examining the contour plots and 

the maximum value of the maximum principle stress is almost constant in time.      

Although maximum of the maximum principle stress on the cortical bone (Figure 

3.4.3.2-12) for the model with Straumann-TE implant is higher than the model with 

Straumann-Standard implant, for trabecular bone (Figure 3.4.3.2-13) maximum of 

the maximum principle stress for the model with Straumann-Standard implant is 

higher than the model with Straumann-TE implant. It can be concluded that for 

Straumann-TE implant cortical bone carries more load compared with the cortical 

bone of Straumann-Standard model. As a matter of fact, for Straumann-TE implant 

model when cortical bone carries more load, trabecular bone carries lower loads and 

stress levels on trabecular bone for Straumann-TE is lower than the trabecular bone 

for Straumann-Standard model.     

The second point of discussion is the minimum principle stress. Under 100 N oblique 

loading, the absolute maximum value of the minimum principle stresses increase in 

time for cortical bone (Figure 3.4.3.3-6). Not only the maximum value of the 

minimum principle stress increases in time but also the region of higher stress 

becomes larger in time by examining the contour plots. (Figure 3.4.3.3-2, Figure 

3.4.3.3-3) For the trabecular bone stress level decreases significantly in the first 15 
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days and after 15 days is almost constant. (Figure 3.4.3.3-7) Comparing results of the 

model with Straumann-Standard implant and Straumann-TE implant, level of stress 

on cortical bone of Straumann-TE implant is higher than on the cortical bone of 

Straumann-Standard. For the trabecular bone just after the implementation the stress 

level on trabecular bone for Straumann-TE is higher than Straumann-Standard 

implant model. But after 15 days from implementation stress level on Straumann-

Standard is slightly higher than the stress levels on Straumann-TE model for 

tabecular bone. It can be concluded the Straumann-TE implant-bone interface reacts 

more significantly to the remodeling process on trabecular bone comparing with ITI-

Standard implant-bone interface. Similarly with maximum principle stress results, for 

30 N loading, the remodeling process slows down.  

The next point of discussion is the total strain energy density results. From the 

contour plots (Figure 3.4.3.4-1, Figure 3.4.3.4-2) and examining the graphs of 

maximum of the total strain energy density (Figure 3.4.3.4-5) in time for cortical 

bone, it can be concluded that the level of total strain energy density increases in 

time and the region of higher total strain energy becomes larger for cortical bone for 

two of the implant models under 100 N of loading. For the trabecular bone from 

contour plots (Figure 3.4.3.4-3, Figure 3.4.3.4-4) and from the maximum value of the 

total strain energy density graphs in time (Figure 3.4.3.4-6), it is observed that the 

level of total strain energy density decreases in time. For the second loading 

condition of 30 N, similarly with the other results, the change in time for the results 

is smaller comparing with 100 N loading.  

In parallel with total strain energy density, the individual elastic modulus versus time 

graphs of some selected elements are also represented. (Figure 3.4.3.5-15-3.4.3.5-16 

and Figure 3.4.3.5-19-3.4.3.5-20). From those results it can be concluded that the 

formulation of the remodeling works well as elastic modulus of the elements form 

the region of higher total strain energy level increases in time and the elastic modulus 

of the elements from the lower level of total strain energy decreases in time. 

The last point of discussion is the maximum value of the displacements. For the 

loading condition of 100 N, the stiffness of the overall model in x-direction increases 

in time as the displacements in x-direction decreases in time. For the displacement in 

y-direction, it can be concluded that the stiffness of the overall model in y-direction 

does not vary significantly in time as the displacement values in y-direction changes 
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slightly in time. For the 30 N loading, the displacement values both in x and y 

direction does not change significantly and it can be concluded that the stiffness of 

the overall bone does not vary in time.  

The Stanford theory of remodeling provides good estimation of the real remodeling 

process for the area of orthopedics. The limitation of this theory is that, it is not 

validated for dental implant-bone interaction. The validation of the mathematical 

remodeling theory for the dental implants can be one of the next research points. 

Another point that can be improved for the simulation of remodeling is to have a 

mathematical model that can delete or add some elements on the bone. So that, the 

density of the bone can be changed in time (elastic modulus) but this mathematical 

modeling can not simulate the real remodeling process where in some portions of the 

bone, the bone is totally removed or new bone structure is formed. One of the 

possible future works in this area is to have a mathematical formulation in which the 

elements of the bone can also be deleted, or to add element where we have 

apposition.  
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CHAPTER 4 
 

CONCLUSION 
 
 
 
Within the limitations of this study it may be concluded; 

- After the implementation of the implant, the remodeling process can be 

observed, and the results are reasonable. 

- The apposition of the bone is achieved where the total strain energy density is 

higher and resorption is observed where the total energy density is lower. 

- Bone response differently in remodeling for the two implant design under 

immediate loading of 100 N.  

- For the loading of 100 N, on the trabecular bone, the model with Straumann-

TE implant reacts more than the Straumann-Standard implant for the 

remodeling process.   

- The loading of oblique loading of 100 N has a level of total strain energy 

density where the overall stiffness of the bone increases in time (especially in 

x-direction). (where a general apposition of the bone takes place.) 

- The loading of oblique loading of 30 N has a level of total strain energy 

density where the overall stiffness of bone is almost constant. (where a lazy-

zone of the bone takes place.) 

- For the higher loading of 100 N, the cortical bone adopts itself so that it 

carries a higher portion of the load. 

- The Straumann-TE implant has higher stress levels on cortical bone than 

Straumann-Standard and for the trabecular bone Straumann-Standard has 

higher stress levels comparing with Straumann-Standard.  
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APPENDICES 
 
 

A. GLOSSARY 
 

Abutment: The tooth or teeth that support a fixed or removable bridge. It can be used 

between an implant and the crown. 

Adolescent: The period of psychological, social, and physical transition between 

childhood and adulthood. 

Apex of implants: The tip of implants 

Atrophy: The partial or complete wasting away of a part of the body. 

Bone Adaptation/Remodeling/Morphogenesis: The phenomenon in which human or 

animal bones slowly add or lose mass and alter their form in response to 

modifications from normal mechanical stimulus conditions. 

Bone Apposition: Bone formation 

Bone Resorption: Bone loss 

Bruxing: The gnashing, grinding, or clenching of teeth. 

Cancellous/Trabecular/Spongy Bone: Cancellous bone (also known as trabecular, or 

spongy) is a type of osseous tissue with a low density and strength but very high 

surface area, that fills the inner cavity of long bones. 

Collagen: the main protein of connective tissue in animals and the most abundant 

protein in mammals, making up about 25% of the total protein content. 

Cortical/Crestal Bone: Cortical bone is dense and forms the surface of bones, 

contributing 80% of the weight of a human skeleton. It is extremely hard, formed of 

multiple stacked layers with few gaps.  

Endosseous implant: The types of the implants which are actually placed in a hole 

drilled in the bone and are then allowed to integrate, 

Homeostasis: Homeostasis is that property of either an open system or a closed 

system, especially a living organism, which regulates its internal environment so as 

to maintain a stable, constant condition 

Implant: An implant is a medical device made to replace and act as a missing 

biological structure (as compared with a transplant, which indicates transplanted 

biomedical tissue). 
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In-vitro: The technique of performing a given experiment in a test tube, or, generally, 

in a controlled environment outside a living organism. 

In-vivo: The experimentation done in or on the living tissue of a whole, living 

organism as opposed to a partial or dead one 

Mandible: The mandible (from Latin mandib� la, "jawbone") or inferior maxillary 

bone is, together with the maxilla, the largest and strongest bone of the face. It forms 

the lower jaw and holds the lower teeth in place. 

Mastication: The process of chewing food in preparation for swallowing and 

digestion. 

Medullar: The inner core of certain organs or body structures. 

Morphology: A study of the configuration or the structure of animals and plants. 

Osseointegration: The direct structural and functional connection between living 

bone and the surface of a load-bearing artificial implant, typically made of titanium 

Ossification: The process of bone formation, in which connective tissues, such as 

cartilage are turned to bone or bone-like tissue 

Osteoblasts: A mononucleate cell that is responsible for bone formation. 

Osteoclasts: A type of bone cell that removes bone tissue by removing the bone's 

mineralized matrix. 

Premolar Teeth: The premolar teeth or bicuspids are transitional teeth located 

between the canine and molar teeth 

  

 


